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ABSTRACT
The purpose o f  the work described in this thesis was to establ ish an 
improved set of  re la tionships for  estimating vehic le  speed and fuel  
consumption that  can be used in road appraisal studies on rural roads 
In developing countries.
The need fo r  an accurate economic evaluat ion of  various a l te r n a t i ; e s  
In  assessing whether or not expenditure on roads w i l l  produce real  
economic and social  benef its in the areas they serve was id e n t i f ie d .
A deta i led  appraisal of resul ts from previous studies showed that  an 
empirical approach to estimating vehicle  speeds and fuel consumption 
fo r  use In a decision-making framework was a more appropriate method 
than a theoret ica l  approach.
An experimental study of  vehicle  speed and fuel consumption was 
undertaken in the Eastern Caribbean island of St. Lucia. Regression 
equations were derived which related vehicle  speed and fuel consumption 
to road and vehicle  character is t ics .  These relat ionships were compared^  
with those derived from s im i la r  studies conducted in Kenya and India.
The comparison of the relat ionships for  estimating vehic le  speeds 
from the three studies showed large d if ferences in predicted speeds 
between the d i f f e r e n t  environments for  a l l  classes of vehic le .  A 
method was developed fo r  estimating vehicle  speeds in other environments 
that  made use of the relat ionships from the Kenya and St. Lucia studies.
The relationships for  estimating fuel consumption from the 
St. Lucia study were shown to be more accurate predictors than those 
established in e i ther  the Kenya or India studies,  covering a f a r  wider  
range of geometric character is t ics  and surface condition of  the road.
I
The modified vehic le  speed re lationships,  established from the 
amalgamation of the results from the Kenya and St.  Lucia studies,  
have been incorporated in the TRRL Road Investment Model (RTIM2), 
together with the fuel consumption relationships from the St. Lucia 
study. These re lationships have improved the scope, accuracy and 
a p p l ic a b i l i t y  of RTIM2 in road appraisal studies in developing 
countries.
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1. INTRODUCTION
1.1 Background
A good transport system Is an Important part  of  the In f ras truc ture  
of any country and has a considerable influence on economic development. 
Access to individual s i tes  cannot be provided by a r a i l  system and 
consequently investment in roads and road transport has become an 
important part  of the national plans o f  most developing countr ies.
In most countries, p a r t ic u la r ly  in the poorer developing countries,  
decisions cn how best to a l locate  the scarce resources into the various  
competing road schemes have to be made. Economic appraisals fo r  road 
construction, upgrading and rehabi1i t a t  ion are useful in assessing 
whether or not expenditure on roads w i l l  produce real economic and 
social  benefits in the areas they serve.
For an accurate economic evaluation of various a l te rn a t iv e s  a 
decision-making framework has to be established- incorporating the 
various components of transport costs.  I t  is to provide an evaluation
of  some of  these costs that th is thesis is d irected.
The to ta l  transport cost consists of  the fol lowing elements:
i )  Cost of  constructing a new road or improving an ex is t ing  road
i i )  Cost of  maintaining the road over the projected l i f e  of  the
road
i i i ) Road user costs.
The road user costs consist of the cost o f  operating vehicles on 
the road, cost of  accidents and the value of  the users’ t ime. Research 
on road user costs in the developing world has concentrated on the cost
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of  operating vehicles with in s u f f ic ie n t  work being carr ied out,as yet ,  
on the cost o f  accidents and value of  time to successfully incorporate 
these two components in the decision-making process. I t  is therefore  
usual for  vehicle  operating costs alone to be considered as the road 
user cost component in assessing the to ta l  transport  cost in developing 
countr ies.
Of the three main components encompassed by the to ta l  transport  
cost,  vehic le  operating costs make up the largest amount often accounting 
for  as much as 80 per ;ent of the tota l  transport cost . Thus i t  is important 
to quanti fy  em pir ica l ly  how vehicle  operating costs are a f fected by road 
character is t ics  so that accurate assessments of  the to ta l  transport  cost 
can be made.
Vehicie operating costs are usual ly  divided into a number o f  com­
ponents, the main ones being l is ted  be low:-
i)  Fuel consumption
i i )  Lubricating o i l  consumption 
i f ! )  Parts consumption 
iv)  Maintenance labour hours 
v) Tyre consumption 
v i ) Depreciation  
v? ?) Crew hours 
v i i i )  Standing costs.
Underlying many of these eight  cost components is vehicle  speed which 
a f fec ts  the overa ll  running cost of operating vehic les .  Vehicle speed 
also a f fec ts  vehic le  u t i 1izat ion  which is re f lec ted to some degree in 
a l l  the above components with the possible exception of standing costs.  
Standing costs, which include such items as rent ,  ra tes,  adm in is t ra t ion , ' .
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management fees and insurance, account fo r  a l l  other costs not l is ted  
above which are incurred as a resul t  of  vehicle operation. .
The three components of to ta l  transport cost are influenced by a 
v a r ie ty  of  factors ,  the most important being the type of veh ic le ,  the 
type of road and the environmental conditions.
In the past,  decisions on the select ion of  transport schemes have
often been based purely on the cost of  the i n i t i a l  construction of  the 
f a c i l i t y ,  overlooking the cost of future  road maintenance and, more 
importantly,  the future vehicle operating costs. However, the design 
standards to which the i n i t i a l  f a c i l i t y  is constructed determine not 
only the cost of construction but also future road maintenance and 
vehic le  operating costs. Also the standards to which the road is
maintained a f fe c t  both the l i f e  of the road and the Vehicle operating
costs.
As the standard to which the i n i t i a l  f a c i l i t y  is constructed 
improves, the construction costs increase while the cost of  operating  
vehicles on a higher standard of road decreases. The maintenance cost 
is af fected to only a small extent  by the standard of  design and is 
smal1 when compared to the other road costs.
One prime object ive of the highway planner should be to  determine 
the combination of road design and maintenance standards which resu l t  
in a minimum to ta l  transport cost fo r  a specif ied locat ion.  This 
p r inc ip le  of minimising the to ta l  transport cost as a basis for  de te r ­
mining the most appropriate policy fo r  a l loca t ing  resources into road 
schemes, is now being accepted by highway administrators,  economists 
and engineers in developing countries.
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1.2 Development of  ana ly t ica l  models
An ana ly t ica l  model to assess and predict  the contr ibut ions of  
each of  the three components of  the to ta l  transport cost should incor­
porate the e f fec ts  of  d i f f e r e n t  environments ( t e r r a in ,  c l imate,  t r a f f i c  
e t c . )  on these cost components. I t  should also al low-the planner the 
cap a b i l i ty  of  invest igat ing many a l te rn a t iv e  design and maintenance 
strategies extending over the l i f e  of  the road, which may be twenty 
years or more, to determine the most economic solut ion.
The f i r s t  step towards developing such a model fo r  low volume 
rural roads was made in 1969 when the Internat ional Bank fo r  Recon­
struct ion  and Development (IBRD) gave a research contract to a group
from Massachusetts In s t i tu te  of Technology (MIT ) . Their object ive  was
1 2  3to carry out a l i t e r a t u r e  survey ’ and to develop a conceptual
framework for in te r - r e la t in g  construction, maintenance and vehicle
operating costs so that to ta l  transport costs could be minimised. The
5
Highway Cost Model produced by MIT * was an advance over methods 
exis t ing  at  that  time ar.d highl ighted areas where more research was 
needed to replace re lationships which were inappropriate to a develop­
ing country, and to provide addit ional  re la tionships where required.
As much of th is  model could not be supported by sound empirical  
data, the Transport and Road Research Laboratory (TRRL) in col laborat ion  
with IBRD, decided ear ly  in 1970, to set up a f i e l d  study in Kenya to 
remedy these def ic iencies and produce a model based on re lat ionships  
derived from data col lected in the f i e l d .  Kenya was chosen as a 
sui tab le  location for  f i e l d  research because the Government of  Kenya were 
anxious for  such work to be done as part  of t h e i r  development programme 
and the Laboratory had a long and detai led experience of  the country,  
which f a c i l i t a t e d  the planning and execution of  the f i e l d  work. More­
b
over the topographical and c l im at ic  conditions are typical o f  a large 
part  o f  the developing world.
The f i e l d  work started in Apri l  1971 and was completed in July 1973.
The analysis and resul ts o f  the Kenya Road Transport Cost Study are
described in two r e p o r t s * ^  and the relat ionships derived were incorpor-
8 9ated into the or ig ina l  TRRL Road Trsnpscrt Investment Model (RTIM) *
•
In the Kenya Road Transport Cost Study, relat ionships fo r  estimating  
vehicle  speeds and fuel consumption were derived experimentally from a 
vehicle  performance study. The other components of vehicle  operating  
costs were evaluated by conducting a road user cost survey. This 
involved co l lec t ing  information from operators of  f le e ts  of vehicles  
over a period of time and re la t ing  the data to the character is t ics  of  
the routes over which the vehicles operated.
Idea l ly  an experimental invest igat ion of  a l 1 the components of  
vehicle  operating costs should be carried out in pa ra l le l  with a road 
user survey to obtain detai led ca l ibrated relationships . However, to 
invest igate components other than fuel consumption experimental ly is pro­
h i b i t i v e l y  expensive i f  comprehensive results are to be obtained. The 
outcome of a vehicle operating cost study carr ied out in the f i e l d  is 
that  the data at  two d is t in c t  levels of precision are co l lected .
Detailed measurements of vehic le  speeds and fuel consumption are  
obtained from a controlled environment and much coarser aggregated 
data from normal everday commercial vehicle operation are collected  
from vehicle operators.
Vehicle operating costs are af fected by the road geometry and 
surface condit ion in addit ion to the character is t ics  of  the vehic le .
The relationships for  the various components of  vehicle operating costs
derived from the Kenya Road Transport Cost Study were necessari ly  
l imited in the range of road geometry and surface condit ion to which 
they could subsequently be applied,  by the conditions preva i l ing  in 
Kenya during the study. In the vehicle  performance study, where these 
road character is t ics  were accurately measured, the maximum gradient  
encountered was 8 per cent,  the maximum horizontal curvature was 250 
degrees per ki lometre and the maximum road surface roughness was 3500 
mm/km on paved roads. Although these re lationships provided good pre­
d ic t iv e  estimates of vehicle  performance in these specif ic  condit ions,  
they were not sui table  for  predict ing vehic le  performance on roads in 
h i l l y  and mountainous te r r a in ,  or on paved roads in poor condit ion.
With these l im i ta t io n s ,  i t  was recognised that there was a 
need to extend the.data base to establish  vehicle  operating cost 
relationships for  a .wider range of road. ~onditions. Thus a two-year 
vehicle  operating cost study was established in the Caribbean in mid 
1977.
An experimental vehic le  performance study of vehicle  speed and 
fuel consumption was set up and organised by the author in the Eastern 
Caribbean island of St. L u c ia ^ .  The author was responsible fo r  the 
control of local s t a f f  in carrying out the f i e l d  experiments; fo r  
instrumenting the test  vehicles and locating the test  sections; and 
for  designing the strategies fo r  the day-to-day running of the exper i ­
ments. In add it ion ,  the data were systematical ly  examined fo r  errors  
or omissions and prepared in a sui table  form for  analysis by the author 
on returning to UK at  the end of the two-year period.
In this study, a much wider range of road character is t ics  used for  
monitoring vehicle  speed and fuel consumption was selected,  with the
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maximum gradient being 1  ^ per cent, the maximum horizontal curvature 
over 1000 degrees/km and the maximum road surface roughness' over 
14,000 mm/km on paved roads.
11A complimentary road user cost survey to invest igate the factors  
a f fec t ing  vehicle operating costs other than vehicle  speed and fuel  
consumption, was carr ied out in pa ra l le l  with the St. Lucia vehicle  
performance study. This survey was conducted in four Eastern Caribbean 
islands where the te r ra in  ranged from predominantly f l a t  to predom­
inant ly  mountainous. This enabled data to be col lected on vehicles  
constrained to operate on roads of high geometry and poor surface  
condit ion for  the major ity  of th e i r  l ives ,  which had not been possible  
in the Kenya study, in addit ion to vehicles operating on r e l a t i v e l y  
smooth and f l a t  roads.
The objectives of  the Caribbean study were to v e r i f y  and, where 
necessary, modify the Kenya vehicle operating cost re lationships over 
the range of road character is t ics  encountered in the Kenya study and 
to extend the relationships to . the  extremes of road geometry and 
surface condition encountered in the Caribbean and elsewhere. The 
author's objectives were not only to derive vehicle speed and fuel  
consumption estimating relat ionships over a wider range o f  road con­
d i t ions ,  but also to establ ish re lationships fo r  estimating these two 
components of  vehicle operating costs which could be applied to other  
environments in developing countries.
The two-year study period in the Caribbean was completed by June 
1979* All  data from the vehicle  performance study and the user cost 
survey were then analysed in de ta i l  during the fol lowing two years 
and the f in a l  vehicle operating costs re la tionships included in
7
the updated TRRL Road Investment Model (RTIM2)^2 .
1.3 Objectives of th is  thesis
A vast amount of research has been conducted throughout the world 
on vehic le  operating costs,  result ing in numerous f igures ,  tables and 
re lationships being produced for  estimating the various components. The 
results  of each piece of work tended to be applicable only to the 
environmental condit ions p reva i1ing a t  the time and location of each 
study.
The Kenya study was the pioneering invest igat ion in producing 
vehic le  operating cost relat ionships fo r  use outside the environment in 
which they were derived. Although the results of th is  study were a s ig ­
n i f i c a n t  advancement on previous research, there were s t i l l  several 
shortcomings, p a r t ic u la r ly  in the extrapolat ion of the re la t ionsh ips ,  to 
condit ions beyond the range encountered in Kenya.
I t  is important to establ ish accurate speed and fuel consumption
estimating relat ionships fo r  use in determining vehic le  operating costs
as the speed of  vehicle operations a f fec ts  the major ity  of  the vehic le
operating cost components, w h i ls t  fuel consumption alone can account for
13as much as ^0 per cent of the to ta l  running cost of a vehic le  .
The main object ive of th is  thesis is thus to invest igate the 
various veh ic le ,  road and environmental parameters that  a f fe c t  vehic le  
speed and fuel consumption with pa r t ic u la r  emphasis being placed on 
research on low volume rural roads in developing countries. The St. Lucia 
vehicle  performance study, carr ied out by the author, which was designed 
to form an improved basis fo r  understanding var iables that af fected  
vehic le  speed and fuel consumption, is considered in d e t a i l .  Results from
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th is  study and the Kenya study are used to invest igate the a p p l i c a b i l ­
i t y  of  em pir ica l ly  derived relat ionships to other environments. The 
s u i t a b i l i t y  of relat ionships derived t h e o r e t ic a l ly  is also discussed.
The surface condition of the road (road roughness) has a s ig n i f ic a n t  
e f fe c t  on vehic le  operating costs,  p a r t ic u la r l y  on the components of  
vehic le  maintenance and tyre consumption. Thus another major object ive  nf  
th is  thesis is to discuss the problems of using d i f f e r e n t  measuring 
techniques to quant ify road roughness and the progress being made to 
derive a universa lly  acceptable standard of  measure. The author is 
current ly  involved in a research project  on this subject a t  the TRRL.
1.4 Structure of th is  thesis
This thesis uses the St. Lucia vehic le  performance study as i ts  
basis and is structured as fol lows:
Chapter 2 contains a l i t e r a t u r e  review on the subject which includes 
research on vehic le  speed and fuel consumption in developing and 
developed countries using both ana ly t ica l  and theoret ica l  approaches. 
Major vehicle  operating costs studies conducted in Brazil  and India are 
discussed in addit ion to the Kenya study.
Chapter 3 describes the design and sett ing up o f  the St.  Lucia 
vehic le  performance study fo r  which the author was responsible.
Instruments used for measuring the hor izontal and v e r t ic a l  geometry of  
a road are discussed, including a system developed at  TRRL, which 
enables these measurements to be made dynamically and was successful ly  
used fo r  the f i r s t  time in the St. Lucia vehic le  performance study.
The measurement of  road surface roughness is discussed in d e ta i l  
in Chapter and includes a review of some of  the many measuring
9 '
systems employed throughout the world in addit ion to the system used 
in the St.  Lucia study. The problems of ca l ib ra t ing  the numerous 
devices and the need for  standardising roughness measurements are also 
discussed together with the current posit ion in establish ing a univer­
sal ly acceptable tool t o ’ carry out th is c a l ib ra t io n .
A detai led description of the vehicle  speed and fuel consumption 
experiments conducted by the author in St. Lucia is contained in 
Chapters 5 and 6.  The results of  these experiments and the methods o f  
analyses are discussed in Chapters 7 and 8. A deta i led invest igat ion  
into the e f fe c t  of the various road and vehicle  character is t ics  on the 
two components of vehicle operating costs is included here.
The vehicle speed and fuel consumption estimating re la tionships  
derived from the St.  Lucia study are compared with those derived from 
the Kenya study in Chapter 9. From the comparison o f  the vehic le  speed 
relat ionships a methodology is developed for  the amalgamation of  the 
results from the two spec if ic  environments to give a set o f  vehic le  
speed estimating relat ionships applicable to other developing country 
envi ronments.
The applicat ion and use of  vehicle  operating estimating r e la t io n ­
ships is discussed in Chapter 10 with the conclusions presented in 
Chapter 11. The'recommendations for  future research to fu r th e r  develop 
vehicle  operating cost relationships in developing countries are d is ­
cussed in Chapter 12.
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2. LITERATURE REVIEW
2.1 Introduction
The important role of vehic le  operating costs (VOC) in es tab l ish ­
ing p r i o r i t i e s  in road investment projects has been the subject of  
numerous invest igat ions,  result ing in many attempts at  quanti fying the 
various components of VOC. These studies have varied in s ize  from an 
invest igat ion into a single component such as fuel consumption, to 
major transport  studies in which a l l  the VOC components have been 
included.
This chapter reviews both theoret ical  and empirical approaches to 
estimating components of VOC. Theoretical work uses laws of  physics, 
in p a r t ic u la r  the laws of motion, to develop intermediate var iables  
and relationships between design parameters and resource consumption. 
This includes the applicat  ion of the pr incip les  of the internal  com­
bustion engine and the transmission of power to the dr ive wheels of  
the vehic le .  Empirical work tends tc use simple functional r e la t io n ­
ships between design parameters and resource consumption.
The relationships derived em pir ica l ly  are based on the environ-  
mental conditions encountered a t  the time of  the study; extrapolat ing  
them to other environments may be of  dubious v a l i d i t y .  There are also  
drawbacks to the use of re lationships modelled on physical laws of  
motion. Certain components of VOC, such as tyre and o i l  consumption, 
maintenance costs and depreciation of vehic les,  cannot be s a t i s f a c t o r i l y  
explained theore t ica11y and relationships have to be obtained by 
empirical methods and assumptions. In add it ion ,  the use of  these 
theoret ical  relationships often requires a detai led level of  data which 
may not be ava i lab le  to the engineer wishing to use them.
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Although th is  thesis concentrates on vehicle  operating costs in 
developing countries, a review of research conducted in both developing 
and developed countries is carr ied out,  as most o f  the i n i t i a l  research 
on VOC components was conducted in developed countries such as the USA,
UK and Austra l ia .  The two components of  VOC investigated in this thesis  
are vehicle speed and fuel consumption, and thus they are the main 
items reviewed in this chapter.
2.2 Theoretical approach to estimating components of  vehic le  operating . 
costs
The operation of  the vehic le  on a road is considered th e o re t ic a l ly  
in th is approach. The power output ( t r a c t i v e  e f f o r t )  ava i lab le  a t  the 
drive wheels can be calculated from the vehicle ch arac te r is t ics .  The 
main resistances to motion to be overcome by the vehicle,  i l l u s t r a te d  in.  
Figure 2 .1 ,  are ro l l in g  resistance, a i r  resistance and gradient resistance.  
These resistances to motion cannot be evaluated using only theoret ica l  
considerations and thus part  of them are calculated from experimental  
resul ts .
Roll ing resistance (R ) is a general term to cover the resistance  
of the road surface to the motion of  the vehic le .  Several ear ly  
examples, established in the 1950's,  are given below.
kO 70Taborek in America, as reported by Ty ler '  , produced the
following formula in 1957 for  passenger cars on hard pavements
Rp = [ 0 . 0 1 1 2  +  0 . 0 2 2 0
where V = speed 
and W = weight
mj 2-?l w (2 . 1)
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w ith  an approximation, va l id  up to 80 mph being
Webb in the UK gave the fol lowing r o l 1ing resistance formula in
1952 fo r  small passenger cars, using Pomeroy as a source
where W is the vehicle  weight in tons
V is the vehicle  speed in miles per hour
p is the tyre pressure in lbs per sq in.
For a speed of 50 mph and a weight o f  22^0 lbs (1 ton) ,  equation
2 .2  gave the value of R  ^ as 33.6 lbs. Webb's re la t ionship  (equation 2.3)
gave a s im i lar  value of 37-3 lbs for  the same speed and weight,  with a
tyre  pressure of 25 lbs/sq in .  However, the other Taborek re la t ionsh ip
(equation 2.1) gave a value of  86.7 lbs, i l l u s t r a t i n g  that  r o l l in g
resistance values can vary substant ia l ly  fo r  s im i la r  condit ions.
79Waters and Laker showed that  changes in r o l l in g  resistance af fected  
the fuel  consumption of  cars only to a small degree. A 20 per cent 
reduction gave only a 3 per cent saving of fuel for  e i th e r  the urban 
or rural ECE-15 cycle.
The a i r  resistance (R ) is mainly af fected by the projected
3
f ro n ta l  area and is given by the fol lowing equat ion:-
R = C.A.V a
,2 (2 .^ )
where C = c o e f f ic ie n t  of  a i r  resistance (derived from a i r  density  
and drag coe f f ic ien t )
A:= projected f ronta l  area 
V = vehic le  speed.
The a i r  resistance of cars of the 1950's shape was given by Webb
as
R = 0.0017AV2 a (2 . 5 )
where A is the projected f ronta l  area in sq. f t
Waters and Laker showed that  changes in the aerodynamic drag
c o e f f ic ie n t  for  cars hardly af fected fuel consumption in the urban
dr iv ing cycle.  The rural case indicated that a 20 per cent reduction
in drag would save about 6 per cent of fue l .  These r e l a t i v e l y  small
sav ings f o r  the car contrast with the larger potent ia l  for  fuel economy
80by drag reduction with the heavy goods vehic le ,  as shown by Cawthorne . 
in his paper, Cawthorne showed that the addit ion o f  an 8 f t  x 8 f t  
container to the f l a t  load platform of  an unladen r ig id  lo r ry  gave an 
increase in fuel consumption of  25 per cent at 96 km/h. The addit ion  
of an aerodynamic shield on top of the cab a l le v ia te d  the e f fe c t  with  
the increase in fuei consumption then being 14 per cent.
Wind tunnel tests of a range of  heavy goods vehic le  configurations
81have been conducted by Ingram to study possible ways of  minimising 
drag with careful a t tent ion  to the e f fe c t  of  cross-winds which in the 
UK have been shown to give an approximate average yaw angle of  5 
degrees, increasing drag by one th ird  compared with the zero yaw case.
The gradient res istance i s due to the component of weight moving on 
the slope and is given by the fol lowing equat ion:-
R = W.G    (2 .6 )
9
where W is the weight of  the vehicle  
G is the gradient angle
R is posit ive for uphil l  gradients and negative for  
 ^ downhill gradients.
The power transmission resistance is caused by the losses due to 
axle gearing, propeller  shaft ,  gearbox and clutch. To work out the 
t ra c t iv e  e f f o r t  ava i lab le  at  the dr ive wheel from the engine output,  
these losses must be known.
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Consideration of  a l l  the forces involved enables the speed at  any 
point on a road alignment to be calculated and consequently fuel con­
sumption can be evaluated as a function of  time or distance.
One of  the f i r s t  comprehensive theoret ical  treatments in the UK 
was by Webb in 1952, who described an ana ly t ica l  procedure tc indicate  
how road gradient influenced the consumption of  fuel o f  a veh ic le ,  and 
also the time taken for  a given journey. He used the character is t ics  
of  a 1950 10 h.p. saloon car as an example.
His method depended on equating the engine output to the resistance  
to motion under uniform speed condit ions, and accounting fo r  the fuel  
used on the overrun as well  as when the engine did work. The equations 
he used for  ro l l in g  resistance and a i r  resistance have been given e a r l i e r  
in th is chapter (equation 2.3 and 2 . 5 ) .  *
For the given engine, Webb derived test  curves of engine bhp .(P ) 
against engine speed a t  various t h r o t t l e  set t ings,  both fo r  engine 
del iver ing power and absorbing power. He then i l l u s t r a te d  tes t  results  
re la t ing  fuel consumption in lbs per hour to engine speed fo r  various 
t h r o t t l e  valve openings, both when the engine was providing power and 
being driven. From a l l  this information he plotted spe c i f ic  fuel con­
sumption loops in lbs per bhp hour. With the aid of these graphs, 
i f  the t ra c t iv e  e f f o r t  required f rom ,•or  the braking e f f o r t  to be 
provided by, the engine was known a t  any given speed, Webb could de te r ­
mine the fuel consumption.
Webb also produced graphs of to ta l  t ra c t iv e  resistance (^a + ^r + ^q) 
against vehicle speed fo r  a range of f ixed gradients and fo r  each gear.
In each gear the speed range was l im ited by the upper and lower l im i ts  
of engine revolut ions.  In each graph, Webb plot ted the maximum engine
16
t r a c t i v e  e f f o r t  (Re) , computed from the power curve fo r  the maximum 
t h r o t t l e  opening, using the formula:-
R = P    (2 .7 )e V e
He also plotted maximum engine braking resistance,  computed from 
the closed t h r o t t l e  curve. Then, by reference to the engine bhp 
curves and using equation 2 .7 ,  he determined fuel consumption in lbs 
per hour for  any point on the gear diagrams, since the power and the 
engine speed where known. This quant ity was divided by speed to give 
the quant ity of fuel in lbs per mile and converted to miles per gallon  
assuming that  1 gallon of  fuel  (petro l )  weighed 7.3** lbs. Curves of  
constant miles per gallon were then plotted on the resistance-speed 
curves and from the diagrams i t  was poss;ble to read d i r e c t l y  the fuel  
consumption in miles per gallon for  any p a r t ic u la r  gradient ,  pos i t ive  
or negative, a t  any speed, for  each gear w ith in  the boundary l im i ts  
of engine speed.
From these resu l ts ,  Webb concluded that road gradients up to
4 per cent could be tolerated without unduly a f fe c t ing  vehic le  fuel
consumption or average speeds. Similar conclusions were derived by 
34 .Beakey in an empirical study in 1937. Beakey's work is reviewed in 
greater de ta i l  in the section on empirical studies l a te r  in th is  
chapter.
A closer examination of Webb's results on gradients up to 4 per 
cent showed that  the d irec t ion  of travel on these gradients s ig n i f i c a n t ly  
af fected both vehicle speed and fuel consumption, but not the average 
f igures of the two directions combined. His resul ts ,  for  these 
gradients,  are given in Table 2.1 based on two separate condit ions;
( i )  with the vehicle always t ra v e l l in g  at the highest speed giving good 
fuel economy and ( i i )  t ra v e l l in g  a t  the maximum possible speed.
TABLE 2.1
Car speed and fuel consumption f igures established by Webb
Gradient  
(per cent)
Vehicle speed (mph) Fuel consumption (miles/gal lon)
Uphi11 Downh i 11 Average Uphi11 Downh M l Average
GO O D E C 0 N 0 M Y
0 36.5 36.5 36.5 42.2 42.2 42.2
1 35.0 38.0 36.** 37.5 47.0 41.8
2 33.5 b O . 5 36.6 33.5 50.5 40.4
3 31.9 b 3 . 0 36.6 30.0 53.5 38.5
4 30.5 be.  o 36.7 27.5 57-0 37.1
M A X 1 M U M S P E E D
0 60.7 60.7 60.7 26.5 26.5 26.5
1 56.8 60.7 58.7 .25.0 30.0 27.3
2 53.3 60.7 56.7 23.0 32.5 26.9
3 49.8 60.7 5 b . 7 21.0 36.5 26.6
4 46.3 60.7 52.5 19.5 40.0 26.2
The f igures in Table 2.1 showed an increase of  35 per cent in 
fuel consumption on a 4 per cent uphil l  gradient compared wi Lh the 
consumption on a f l a t  road, whereas an average 4 per cent gradient  
(uphi l l  and downhill ) showed only a 12 per cent increase fo r  good 
economy running.
Webb also described a s im i la r  series of  calculat ions fo r  a heavy
commercial vehic le  (19 tons) of the period. In th is  example the a i r
2
resistance (R ) was taken to be 0.0025AV , which is much higher than a
for  the car because of the lack of any attempt to streamline the shape 
of the truck. The r o l l in g  resistance was stated as 17 + 0.20V in lbs 
per ton. The results showed that there was a greater  loss in both 
speed and miles per gallon with gradient than in the case of the car.
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Computer programs have since been developed to simulate the
operation of  a vehicle on a road using data established from a
theore t ica l  approach. One of  the i n i t i a l  vehic le  simulation models
18produced in the USA was by Mi 1le r ,  Lang and Robbins .in 1961 and 
simulated the operation of  various vehicle types on a given road 
alignment.
One d i f f i c u l t y  in this approach was that cer ta in  assumptions had 
to be made about dr iver  behaviour, p a r t ic u la r ly  on down gradients 
where large var iat ions in vehicle  performance can e x is t .  A fu r the r  
disadvantage was that  i t  required a large number of separate ca lcu la ­
t ions,  handled by sub-routines, which are expensive in computer t ime.
The operating conditions of the program were designed to simulate  
the operation of a single vehicle as i t  travel led over a specif ied  
alignment under a specif ied set of  res t r ic t io n s  on maximum speed and 
acceleration rates. The model assumed one of four condit ions.
1) Constant ve loc i ty
2) Constant acceleration
3) Maximum accelerat ion  
A) ConsLant deceleration
These were broken down into eleven basic performance conditions  
where each speed, elapsed time and fuel consumption were computed.
In re la t ing  vehicle  speed to physical roadway c h a ra c te r is t ic s ,  the
most important elements that were noted were r o l 1ing resistance, gradient
resistance, curve resistance and a i r  resistance. The r o l l in g  resistance
72values, in units of lbs/1000 lbs of vehicle weight, given by Saal were
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used and ranged from 0 on smooth paved roads to 25.0 on earth roads.
The same source was used to provide the a i r  resistance values fo r
2 2trucks, ranging from 0.00180AV to 0.00500AV . The a i r  resistance
2 2
values fo r  cars ranged from 0.00091AV to 0.00I63AV . Although 
several values for  curve resistance were given, i t  was stated that  a 
value of 0.1 would be adequate for  a l l  pract ical  purposes.
The vehic le  performance equation established by the authors was 
of the form:-
BHP = |gR+CR+PP+RRP1 RRP2 f j ^ j v + ( A R P )  (AREA) (V+WIND) 2
r  V /  ' " i r
7 - + MEK1 + ME.K2 + (GR) 2 1 [ x   (2 .8 )+ (A0)
where BHP = engine horsepower.
GR = grade resistance
CR = curve resistance /
PP = pavement resistance  
RRP1 = ro l l in g  resistance (lbs per 1000 lb vehic le  weight)
RRP2 = ro l l in g  resistance (lbs per 1000 lb vehic le  weight
per mph)
W = vehicle  weight ( lbs)
V = veloci ty (mph)
ARP = a i r  resistance parameter 
AREA = f ronta l  area of vehicle  (sq f t )
WIND = wind speed (MPH)
MEK1I — moments of  in e r t ia  terms for ro ta t ing  parts
MEK2 j
EFF = e f f ic iency  of  dr ive t ra in
Equation 2.8 is bas ica l ly  a l inear  summation of the resistances
to motion (grade, ro l l in g  and curve),  plus an aerodynamic drag function  
2of  the form CAV (see equation 2 . A), and the transmission losses. In 
order to make use of this equation, de ta i ls  of the vehic le  dimensions, 
engine performance, and transmission rat ios are required from the 
manufacturers of a specif ied vehic le .  Then the other parameters need 
looking up in tables (usually results of empirical t e s t s ) ,  even though 
this simulation technique uses a theoret ica l  approach.
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The fuel consumption was calculated by the use of  fuel performance 
maps, s im i la r  to that  used by Webb, but re la t ing  brake mean e f fe c t i v e  
pressure (BMEP) per sq. in.  to piston speed ( f t / m i n ) , instead of  brake 
horsepower to engine speed. In this fuel map a family o f  constant  
spec i f ic  fuel values (BSF’C ) , in lbs of  fuel per brake horsepower was 
plotted .  Since brake mean e f fe c t iv e  pressure BMEP, m ult ip l ied  by 
piston speed, FPM ( fee t  per minute) gives brake horsepower per sq . in .  
of  piston area, l ines of constant BHPSI (BHP per sq. in)  form a family  
of hyperbolae which were also plotted on the fuel map.
Values of BSFC at  the intersect ion of  l ines of constant BHPSI 
and l ines of  constant FPM were tabulated, and a matrix of  s p e c i f ic  fuel  
values was obtained in which the values could be "looked up" by the 
computer once FPM and BHPSI were known.
FPM = RPM    (2 .9 )
where STR = piston stroke, ins.
RPM = engine rev. per min.
BHPSI---------------- 2H!L-....................    (2.10)
V h  (BORE) (NCYL)
where BORE -  cy l inder bore, ins 
NCYL = number of  cylinders
Clear ly  th is type of  approach, where the performance of  an 
individual vehicle  is evaluated, is not su i tab le  fo r  use in est imating  
vehicle operating costs,  as in this type of study, i t  is usual to 
consider a l l  the vehicles in the area under invest igat ion.
Comparisons of theoret ical predictions and empirical resul ts were
2*2 19published in the USA by Firey and Peterson , and Sawhill  and Firey
in 1962. y|
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Firey and Peterson devised a method fo r  ca lculat ing the speed 
versus distance h istory  o f  large trucks traversing various types of  
v e r t ic a l  highway curves a t  wide-open t h r o t t l e .  The equations that  
resulted were solved over the following ranges of  values o f  vehicle  
and highway p ropert ies : -
' '  Vehicle.weight = 3 0 0 0 0  to 72000 lbs
Horsepower
Vehicle speed = 10 to 50 mph
Highway grade = -8  to +8 per cent
Ver t ica l  curve radius = 2500 to 20000 f t .
The results of the calculations were presented as charts re la t ing  
vehicle  speed to distance along the ve r t ic a l  highway curve. A compari­
son of  calculated and experimental values showed sa t is fac to ry  agreement.
As the authors stated, in general this engine thrust  force,  F .^, w i l l  
not always equal the sum of  the r o l l in g  resistance force, F^, and the 
vehic le  weight force,  (GVW)sinS. Thus the vehicle  w i l l  e i th e r  accel ­
erate  i f  F.J. exceeds this sum or decelerate i f  F^ . is less than th is  sum. 
From Newton's law the accelerat ion may be calculated as fo l lo w s : -
A solution of this equation provided the desired r e la t io n  between 
truck performance, highway geometry, and truck propert ies.  The value
Wt ( lbs) 200 to 400
(2 . 11)
of F-j. was calculated from the fol lowing equation
FT = - w f  (R1) (R2} (R3} (TF) (375) (2 . 12)
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where BHPW = horsepower delivered by the engine to the clutch  
a t  wide open t h r o t t l e  
NEW = engine rpm at  which BHPW was measured 
Rj = main transmission gear r a t io  
R2 = a u x i l ia ry  transmission gear ra t io  
R3 = rear axle gear ra t io
TF = tyre factor  = Drive wheel RPM
Truck speed, mph
The vehic le  r o l l in g  resistance force.  F^, was calculated by means 
of  the following equat ion:-
FR =  ' . T O  + '95 . . . . . . .  (2.13)
where GVW = gross vehic le  weight ( lbs)
Equation 2.13 gave a r o l l in g  resistance of  3^6 lbs fo r  a 22^00 lbs
(10 ton) truck. Webb's re lat ionship  of  17 + 0.20V lbs/ ton gave a to ta l
ro l l in g  resistance of 270 lbs for  a 10 ton truck t ra v e l l in g  a t  50 mph, 
which is approximately 20 per cent less than equation 2.13.  For lower 
truck speeds, the d i f ference would be even greater .
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The work by Sawhill and Firey described the development o f  equa­
tions for  predict ing fuel consumption and t ravel time based on a 
theoret ical  approach. Extensive data on fuel consumption and t ravel  
time of trucks were collected from f i e l d  tests and used to ass is t  in 
ident ify ing the factors to be considered in developing formulae for  
predicting fuel consumption or travel time. By doing th is ,  the authors 
obtained a be t te r  f i t  of the data than was the case with the theoret ica l  
equations.
The fuel consumption of  diesel-powered trucks was given by the 
fol lowing equation:-
23
r  i 2545a  , n , , 25451GVW)
(gal l o n T  = I H b R H H V R s O )  (D' dF 'dB) (nB) (HHV) ( 1 . 98x 106) ZR
, 25*t5(e-f ) /  dF 2dB \  25*t5(s)(k)(mph, .)2   ' ( 2 . 1 * 0
(nB)(HHV) Imply mpht  /  (nB)(HHV)
This equation related to ta l  fuel consumption to the properties of
the vehicle  and the geometry of  the highway. In using them, the
following truck properties must be known:-
a = ro l l in g  resistance factor  
nB = average engine brake thermal e f f ic ie n c y  fo r  diesel engines
HHV = higher heating value of fuel in Btu per gallon
GVW = gross vehicle  weight, lbs 
f  = engine f r i c t i o n  factor  
e = engine id le  factor  
k = truck k in e t ic  energy factor
The fo l lowing-properties of the highway must also be known:-
dF
HR
The fo l  lowing .addit.ional quanti t ies  are influenced by both 
the truck and the highway as well  as by t r a f f i c  condit ions: -
to ta l  braking distance to stops in.:hundreds of  fee t  
average truck speed at  s t a r t  of  braking to a stop 
number of stops made
average truck speed on downhill sections
This sort  of theoret ical  re lationship  highl ights  the problems of  
this type of approach. As staled by the authors themselves -  " In  
general,  these quanti t ies are not readi ly  determinable". Thus the use 
of th is  type of re lationship  is not easy for  the highway engineer.
I t  is inte resting to note that equation 2 . 1*1 can be w r i t te n  in a 
s im pl i f ied  form as: -
dB = 
mpht = 
S = 
mphf =
= to ta l  length in hundreds of  fee t  
= length of  downhill highway in hundreds of fee t  
= sum of  r ises of the highway-in feet
2*1
FC = k,  + k2 (GVW x R) + k3 y\7y + k*i ^  . . . . . . .  (2.15)
where , k^,  k^, are constants
V is the speed of the vehicle  
and GVY/ and R are as given before
This is an ident ical  format to the one derived independently by 
the author in the analysis of  the St. Lucia t ra n s i t  van and truck fuel  
consumption experiments for  uphi11 gradients (see Chapter 8) ,  resu l t ing  
in a much simpler re lat ionship  being established for  use by the 
p r a c t i t io n e r .
A theoret ica l  approach to modelling the speed of vehicles was 
20developed by Guenther in the USA in 1969. This model examined each 
c ha ra c te r is t ic  which controls the ve loc i ty  of a given vehic le  on a 
section of  road and then determined the al lowable travel speed as the 
minimum of a l l  contro l l ing  ve lo c i t ie s  thus established.
The f i r s t  control in the model was simply the minimum of  the 
veh ic le 's  top speed or the speed 1imit  imposed on the road under 
i nvest igat ion.
The second control was based on p r o f i l e  1imits.  For a section o f  
road the ava i lab le  vehicle  horsepower controls the speed, which required  
the solut ion of  an equation that considered r o l l in g  resistance, a i r  
resistance and grade resistance. This equation was w r i t te n  es fo l lo w s : -
HPU(375) = (Vhp)(GVW)(G) + (Vhp)(GVU)(Cr ) + (Vhp)2 (GVW)(Cr )/WF
+(CA) (A ) (V HP) 3   ( 2 . 16)
where HPU is the usable horsepower a t  the dr iv ing wheels. This is
found by multip ly ing actual ins ta l led  horsepower by a
constant factor  r e f le c t in g  power e f f ic ie n c y .
V^p is the ve loc i ty  as contolled by ava i lab le  horsepower (mhp)
GVW is the gross vehicle  weight ( lbs)
G is the tangent gradient ,  in foot r ise  or f a l l  per foot  length
G is + fo r  uphi11 gradients,  G is -  fo r  downhi11 gradients
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Is the c o e f f ic ien t  of ro l l in g  resistance o f  the road surface  
in pounds r o l l in g  resistance per pound GVW 
WF is the empirical weight factor
is the empirical c o e f f ic ien t  of  aerodynamic drag in 
lb-sec^ per ft**
A is the cross sectional f ronta l  area of the vehic le  in 
square feet
This equation was based on the concept of  equil ibr ium speed -  the 
summation of forces inducing motion is equal to the summation of  forces 
opposing motion. This yielded one d is t in c t  real root to the cubic 
equation, which represented that  speed at which no addit ional  reserve  
power was a v a i1 able i . e .  no acceleration would be possible.
The th ird  control was based on alignment l im i ts .  For roads 
engineered to spec if ic  design speeds, the geometric design parameters,  
such as sight distance, p r o f i l e ,  al ignment,  superelevation, lane widths 
and clearances, were determined to al low steady vehicle  operation a t  
that  speed. In th is case the design speed became the con tro l l ing  
ve loc i ty  fo r  al ignment. Where appropriate geometric design had not 
been engineered into the road, spec if ic  consideration was given, in the 
model, to the e f fec ts  of al ignment. Relationships for  estimating  
speeds on curves were used tha t  had been derived by previous in v e s t i ­
gations into the centr i fugal  force and f r i c t i o n  at  the wheels of  a 
vehicle  on a curve.
A fourth control on surface roughness l im i ts ,  although mentioned, 
was not incorporated into the model, as a t  that time in s u f f i c ie n t  work 
had been done on quanti fy ing the influence of  surface roughness on 
vehic le  speed.
The f i f t h  control in the model dea l t  with the e f fe c t  of  t r a f f i c  
f r i c t io n  and random delays on operating speeds. Relationships for  
estimating the number of speed changes per mile in terms of  the average
26
d a i ly  t r a f f i c  on three types of  road were used. These re la tionships
7 3
had been derived from an e a r l i e r  study in the USA . Empirical data 
were used to transform the number of  speed changes to time delays.
By passing through the series of  successive controls,  a ve loc i ty  
fo r  each section of  road could be estimated. These v e lo c i t ie s  were 
converted to travel times and could be summed over each section of road 
to determine the tota l  travel  time over a route.
Guenther's fuel consumption model was based on the simple fac t  
that  the expenditure o f  energy determines the rate  at which fuel is 
burned in the vehicle powerpiant. The fuel consumption was determined 
by three prime fa c to rs : -
( i )  Actual horsepower required to move the vehicle  and load over the 
given route in a given amount of time.
( i i )  Thermal e f f ic ien cy  at  which the engine converts the energy in 
the fuel  to work.
( i i i )  Power losses in the system due to a u x i l ia ry  requirements, 
transmission losses, etc.
Thermal e f f ic iency  (as ref lected by spec i f ic  fuel consumption) and 
power losses are known values, and could be tabulated fo r  sp e c i f ic  
vehicles.  The actual horsepower used, however, needed determining.
The predic t ive  equation took the fol lowing form:-
FC = (SFC)(HP)(PF) . . . ------ (2 .17)
where FC = Fuel consumption, gal lons, per un i t  time
SFC = Specif ic fuel consumption fo r  power plant used in the
vehic le ,  gallons per horsepower hour 
HP = Insta l led vehicle  horsepower
PF = Power u t i l i s a t i o n  fac to r ,  which is an index of  the
percentage of rated horsepower ac tua l ly  used.
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This type of prediction model is not ideal for  a VOC study, as a 
large number of parameters have to be established for  the individual  
vehi c le .
A more recent theoret ica l  approach to quanti fying fuel  consumption
A3
was carr ied out by Watson, Milkins and Marshall in Austra l ia  in 1979. 
I f  the e f f ic iences of engine f in a l  d r ive  and transmission are regarded 
as constant for  the normal operating ranges o f  torque and speed, the 
instantaneous fuel consumption of a vehicle  can be reduced to the form:-
FC = K, + i f  + k3 V +  h V &  • • • • • • •  (2’ ,8)
where V is the instantaneous ve loc i ty  of  the vehicle  
and k.j, k^, k^, k^ are constants.
The authors showed that  this equation could be re -w r i t te n  as : -
  (2.19)^2FC = k ,+  ~  + k0V + k, 1 V 3 . h
2ZAV
accelerations >o
where
2ZAV represents the posit ive  k in e t ic  energy 
a>o (PKE) changes as the vehicle  speed a l t e r s .
AV  ^ is expressed in terms of the f in a l  Vf and the i n i t i a l  
V; v e lo c i t ies  in an accelerat ion so that :
AV2 = Vf 2 -  V | 2 
D is the distance covered
k-j represents the fuel used in overcoming the veh ic le  resistance  
losses
k£ is the id le  fuel consumption
k^ is the conversion e f f ic iency  to w ork - to -acce le ra te - the -  
vehic le  per unit  distance 
k/f is a constant of proport iona l i ty  for  a given veh ic le .
At constant speeds the PKE term would be zero. The fuel used in 
overcoming the vehic le  resistance losses (k-j) would include the 
aerodynamic drag resistance (V term) plus a grade resistance (weight 
x g rad ien t ) .  Thus equation 2.19 can be expressed in the format of  
equation 2.15 (plus a function of V ) , where the revised constant term 
would include the other resistances such as r o l l in g  and transmission 
losses. -
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A var ie ty  of other models of  varying degrees of  complexity have
been developed for  the predict ion of  a veh ic le 's  fuel consumption.
I kFor example, Amann, Kaverdink and Young presented an equation for  
the instantaneous fuel consumption of  a car as
sup r  _ b v 
v “ pV n (2 . 20)
V  t
which was expanded to
S.
C = —  v p
/ k , + a V  f k 9 C, A-
( “ U  Hv
( k^ z \  
i r r )  Pb° v\  H0  DO /
(2 . 21)
where Cv is the vehicle  fuel consumption (volume/distance)
Sb engine brake spec if ic  fuel consumption
S| -  engine indicated spec if ic  fuel consumption 
Pv ~ vehicle power requirement
-  engine brake power
p fuel density
-  vehicle  ve loc i ty
-  mean piston ve loc i ty
-  vehicle  d r iv e t ra in  e f f ic iency
-  vehicle  accelerat ion as f rac t ion  gn (g rav i ta t iona l  accel 
erat ion)
-  vehicle  mass
-  vehicle  drag co e f f ic ie n t
Af -  vehicle  f ronta l  area
T -  dimensionless r a t io  of p is ton - to -veh ic le  v e lo c i ty  
k-j -  constant in r o l l in g  resistance expression 
k2 ~ constant in aerodynamic drag expression 
k^^ -  constants in engine f r i c t i o n  power expression 
kit)
subscript o -  evaluated at  engine rated condit ion
Vv
VP
n t
a
M
This is again a complicated equation tc apply. Dasically  i t  
consists of  a ro l l in g  resistance and acceleration term (k^),  an aero­
dynamic drag term (k? ) , a mechanical function term ( k ^ ) , and a damping 
losses term (k ^ ) , but to make use of  equation 2.21 a great deal of  
information is required of the individual vehicle.
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2.2.1  Discussion on theoret ical  models
Many of these theoret ica l  models f requent ly  employ engine e f f ic ie n c y  
maps, and are p r in c ip a l ly  used to iden t i fy  the need f o r ,  or the e f fe c t  
of ,  design changes in the vehicle  to improve consumption on a.given  
theoret ica l  ve loc i ty  p r o f i l e .
As has been shown in some of the examples reviewed in th is  section
75and discussed by Gardiner , they included modelling of  the in e r t ia  
force,  aerodynamic drag, tyre  ro l l in g  resistance and gradient  to pro -^ 
duce the torque requirement a t  the dr iv ing wheels. The torque require­
ment of  the engine could then be developed knowing the gear rat ios and 
f in a l  dr ive ra t ios ,  the e f f i c ie n c ie s  o f  f in a l  dr ive and transmission 
and the p a ras i t ic  torque.
Maps of fuel consumption against torque and speed were used to 
predict the fuel consumption from a pa r t ic u la r  vehicle  movement. This 
can be simulated by developing a 'densi ty '  p lo t ,  showing the time 
spent at  each torque and speed, and the corresponding instantaneous 
fuel consumption values found and summed for  successive time increments.
This type of  modelling is useful in examining the e f f e c t  o f  the 
design of  a vehicle  or engine spec if ica t ion  on the fuel consumption 
of an individual vehicle .  However, i t  is not su i tab le  fo r  est imat ing  
the fuel consumption of a vehicle  population in road appraisal studies.
In VOC studies an empirical approach to estimating the various compo­
nents of vehicle  operation is the usual method employed throughout 
the world.
30
2.3 Empirical approach to estimating components of vehic le  operating
costs
One of  the e a r l i e s t  recorded empirical studies was conducted by
33 70Agg in the USA in 1923 as reported by Tyler  . The report described
work which was started in 1919 cn the fuel consumption and speed of  a
Buick passenger car,  a pneumatic-tyrcd truck of  1 ton capacity ,  and a
sol id  tyred truck of  3 i  tons capacity.  A fuel flowmeter and a chart
recorder were used to record fuel consumption and speed. The resul ts
were given as chart records of fuel consumption and speed p ro f i le s
together with the p r o f i l e  of the road test  length. The notable thing
about Agg's work was that  he stated the basic dynamic equations
describing the motion o f  a vehicle  on a road which have been the
foundation of  subsequent work in this f i e l d .
The most comprehensive work a f t e r  Agg was carr ied out in the USA 
3kby Beakey in 1937. He measured the fuel consumption and speed o f  three  
passenger cars, one l ig h t  and six heavy commercial vehicles on gradients  
up to 6 per cent. The relat ionships for  estimating the fuel consumption 
of heavy petrol-powered vehicles were of the form:-
C =kWb  . .. . (2.22)
where C is the fuel consumption in gallons per mile  
W is the gross vehicle  weight in pounds 
k and b are constants
For each level of gradient,  a re la t ionsh ip  of the above form was 
established, with the constant k decreasing from 0.0001283 fo r  a f l a t  
grade to 0.0000260 for a 6 per cent grade, and b increasing from 0.712 
to 0.928. These relationships took into consideration both ascending 
and descending grades. Fuel consumption of  diesel-powered trucks was 
shown by Beakey to be A0 per cent less than petrol-powered trucks in 
r e la t i v e ly  level country and kS per cent less in mountainous country.
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However for  l ig h t  vehicles,  his results showed that  the increase in fuel  
consumption was so small as to be neg l ig ib le  on grades up to 6 per cent.
The report also stated that time savings obtained from grade 
reduction in the case of grades up to 6 per cent was of no material  
importance to l ig h t  passenger vehicles,  but did a f fe c t  truck operation  
on grades steeper than 2 per cent. The re la t ion  between speed and gross 
weight for  the s ix  heavy vehicles included in these tests was expressed 
as follows
For ascending grades
Speed (mile /h) = 60 -  0 . 5W -  A.33G  . . .  (2.23)
For composite grades (ascending and descending)
Speed (mile/h) = 60 -  0.5W -  1.50 . . . . . . .  (2 .24)
where W = gross vehicle  weight in thousands of  pounds 
G = per cent of grade.
Another major invest igat ion into the e f fe c t  o f  road and vehic le
character is t ics  on the t ravel time and fuel consumption of  trucks was 
21performed by Saal in the USA during 1948, with the resul ts published 
in 1950. In th is  study seven trucks were included, ranging from a 
2-ax le  single unit  truck to a 7-ax le  t r a c t o r - t r a i l e r  combination.
Each vehicle was tested with three gross weights, ranging from 20,000 
lbs for the smallest truck to 139,500 1 bs for  the largest truck.  These
vehicles were run over two routes, each approximately 150 miles long 
and divided into 16 and 20 sections respect ive ly .
Empirical relationships were established, re la t in g  veh ic le  speed 
and fuel consumption to the weight and power of  the vehicles fo r  
d i f fe r e n t  rates of r ise and f a l l  of  the road. The fol lowing general  
equations were found to s a t is fy  the observed data.
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Fuel consumption
gpm = aW^  . . . . . . .  ( 2 . 25)
where gpm = gal Ions per mile
V' = gross vehicle  weight in thousands of  pounds 
a and b are constants 
Travel time
mpm = a + bR .............. (2.26)
and 2
mpm = a + bE + cE . . . . . . .  (2.27)
where mpm = travel  time in minutes per mile
R = weight-power ra t io  in pounds per net horsepower 
E = rate of r ise  and f a l l  in feet  per 100 feet  
a, b, c are a l l  constants
The vehicles used by Beakey and Saal were pe tro l -d r iven  trucks,  
thus i t  was possible to compare d i r e c t ly  the fuel consumption predicted  
from both studies. On a one per cent grade, Beakey predicted a fuel  
consumption rate  of 0.1647 gal lons/mi le  for  a 10- ton truck, whereas 
Saal's  equation, for  a s im i la r  truck on a 1.3 per cent grade, gave a 
smaller fuel consumption rate of  0.1421 ga l lons/mi le .  For a 6 per cent 
grade Beakey's equation predicted 0.2831 gal lons/mile compared with  
Saal ‘ s larger  estimate of  0 .2969 gal lons/mile on a 6 .4  per cent grade.
Both authors establisned separate relat ionships for  indiv idual  
grades without incorporating the e f fe c t  of  grade in the equation, thus 
i t  was d i f f i c u l t  to compare results for  ident ical  grades. However, 
the above resul ts indicated that Saal 's equations tended to predict  
lower fuel consumption rates on r e l a t i v e l y  f l a t  roads, but s im i la r  
rates to Beakey's values on steeper grades.
Using equation 2.24, Beakey predicted speeds of  48.8 mph and 
39.8  mph on level and 6 per cent grades respect ive ly  fo r  a 10- ton  
truck. For a s im i la r  truck with a weight-power r a t io  of 200 Ibs/bhp,  
Saal predicted speeds of 53.1 mph and 21.1 mph on level and 6 per cent 
grades respect ive ly .  These f igures showed a large d i f fe rence  in
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predicted speeds on a 6 per cent grade, due to other var iables not 
included in the estimating equations, such as t r a f f i c  condit ions.
These speed and fuel consumption equations were only ca l ibrated  
for  a l im ited set of conditions prevail ing in the USA a t  the time o f  
the studies, quanti fy ing only the r ise  and f a l l  parameter o f  the road. 
However, these resul ts formed a basis for  much fu r the r  work in th is  
area.
The f i r s t  work of  any note on this subject in the UK was conducted 
23
by L is ter  and Kemp in 1954. This paper gave the results of  some 
measurements of fuel consumption of three vehicles (a small car ,  a 
large car and a 3 ton truck) when t ra v e l l in g  under d i f f e r e n t  t r a f f i c  
and road conditions.
Using the fuel consumption a t  a constant speed of  30 mph on a level  
road as a basis of  comparison, consumption rates were found to be 35 
per cent greater  in l ig h t  t r a f f i c  condit ions and 100 per cent greater  
in heavy t r a f f i c  condit ions■for  the large car. However, t r a f f i c  d e ta i ls  
such as frequency of slow downs and t r a f f i c  stops were not given.
A gradient of  4 per cent caused an increase o f  50 and 100 per 
cent in fuel consumption for  the small car and large car respect ive ly .  
These f igures did not agree with the e a r l i e r  work conducted by Webb 
in the USA. His f igures ,  given in Table 2 .1 ,  showed increases of  35 
per cent for  good economy dr iv ing and 26 per cent fo r  dr iv ing  a t  
maximum speed from level to four per cent grades for an American car  
(which would be large by UK standards).
24Further work on this subject in the UK was conducted by Roth 
and published in 1959* In this study, seven vehicles were used
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ranging from a small passenger car to a 1A ton truck. The v a r ia t io n  
in vehic le  speed and fuel consumption were monitored over two routes;  
a rural and an urban route. The rural route was 91 miles long and 
divided into 79 sections, with the urban route being 31 miles long,
divided into 39 sections. ' Runs were also made on a 2.8 mile tes t
c i r c u i t  a t  constant speeds. Tables and graphs of the fuel consumed by 
each vehicle  on gradients up to 6 per cent were given, together with
the t ime, in seconds/mile, each vehic le  took to traverse these gradients.
The results showed that fo r  the saloon cars, only the 6 per cent 
gradient increased fuel consumption (taking the mean o f  uph i l l  and 
downhil l ) .  The fuel consumption of  the trucks was more sens it ive  to 
gradient ,  with overa ll  increases of 10 to 102 per cent being recorded. 
Journey times showed var iat ions of the same order.
A comparison of the uphil l  results with the downhill resu l ts ,  
revealed a s ig n i f ic a n t  d i f ference between them as had been shown in 
Webb's work. Vehicles going uphil l  tended to use more fuel on the 
steeper gradients,  but vehicles going downhill did not always use less 
fuel on the steeper gradients.  The mosteconomical downhi11 gradient  
was 5 per cent. On gradients steeper than 5 per cent,  the lo r r ie s  
used more fuel and the saloons did not use any less fue l .
Both Roth arid L is te r  i 1 lustrated the e f fe c t  of cer ta in  road
character is t ics  on the fuel consumption and travel time of  several  
vehic les,  but did not quant ify these e f fec ts  into a re la t ionsh ip .
In 1959 a s im i la r  project  was conducted in the USA by Sawhill
22and Firey , with the results published in 1960. In this study the 
fuel consumption and speed of nine trucks and three buses were moni­
tored. The fuel consumption rates of  the test  vehicles were shown as
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a function of  speed in a series of  graphs fo r  operation on paved roads 
of various gradients,  on level gravel roads and for  stop-go and slow­
down cycles.
The plots o f  the fuel consumption against speed, for  varying loads 
of the tes t  vehic les,  produced U-shaped curves. The optimum operating  
speed fo r  the petrol-powered vehicles was s l ig h t l y  ' less' than'40 mph.
The diesel-powered trucks had a corresponding optimum speed but with  a 
considerably wider range (25 mph to kS mph), as indicated by the 
f latness of the curves. The fuel consumption rates of  petrol-powered  
trucks a t  optimum speed with a 70 per cent load, averaged 50 per cent 
more than fo r  comparable diesel trucks. At the. low-speed range o f  20 
mph the di fference was 60 per cent greater .  These f igures are s l ig h t l y  
higher than those given by Beakey (AO per cent t o  k5 per cen t) .
On the 6 per cent grade, the fu l1 - load  fuel consumption rate  was 
approximately double the empty-load rate ,  whereas the speed was about 
one-ha l f .  These f indings compared reasonably well with the results  of  
Beakey's and Saal's research, as shown below.
The average truck used by Sawhi11 and Firey had a power of 185 bhp 
and weighed approximately 26,000 lbs empty and 60,000 lbs f u l l y  loaded. 
Beakey's re lationship  for  fuel consumption (equation 2.22) on a 6 per 
cent grade gave a rate of 0.3251 gal lons/mi le  for  the truck in an empty 
load condit ion,  and 0.7065 ga l lons/mi le  when f u l l y  loaded. Saal 's  
re la t ionship  (equation 2 . 25) on a 6 . A per cent grade gave rates of  
0.3399 gal lons/mi le  and 0.7257 gal lons/mi le  fo r  the empty and loaded 
truck respect ively.  Thus both sets of  results indicated an increase 
of approximately 115 per cent between these two lead conditions on 6 
per cent grades.
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Beakey's speed relationship  for  composite grades (equation 2 .2 *0 ,  
predicted speeds of 38 mph and 21 mph fo r  the truck empty and loaded 
respect ively on a 6 per cent grade. Saal ' s speed re la t ionsh ip  (equa­
t ion 2 . 26) predicted speeds of 25.5  mph and 12.8 mph for  the same truck  
empty (141 lbs/bhp) and loaded (324 lbs/bhp) respect ively on a 6 .4  per 
cent grade. Thus both sets o f  results indicated a drop of  speed by 
approximately 50 per cent between the twj load condit ions on 6 per cent 
grades, which again agreed with Sawhi11 and Firey 's  f indings.
The previous references have d e a l t W i t h  fuel consumption and
travel time fo r  a range of  vehicles.  However, these are only two of
the factors contributing to the cost of operating vehicles.  The f i r s t
comprehensive report covering a l l  aspects of  road user costs was pro-
35duced by the American Association of  State Highway O f f i c ia l s  (AASHO) 
in 1952 and updated using 1959 unit  costs. The report dea lt  only with  
passenger cars in rural areas, although an approximate r a t io  of  
operating costs of  trucks/cars was suggested.
Road user cost tables were; given on a veh ic le -m i le  basis which 
included, fo r  a range of vehicle  running speeds and gradients,  the cost 
of fu e l ,  tyres, o i 1, maintenance and repairs ,  deprecia tion,  t ime, and 
comfort and convenience. The last  itern was given a value of  zero for  
f ree  f lowing t r a f f i c  conditions on s t ra igh t  dual-carriageways. The 
tables were produced from cost data fo r  a 'composite' car (American), 
but no data was given on the character is t ics  of  th is 'composite'  car.  
One table  was given for each type of highway and surface described as 
fo l low s: -
( i )  tangent divided highways, pavements in good condition
( i i )  tangent 2- lane highways, pavements in good condition
( i i i )  tangent loose surface highways in good condition
( iv )  tangent unsurfaced roads.
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Horizontal curvature was not considered in these tables.  The 
only factors which were shown to vary with  gradients were fuel consump­
t ion and tyre wear; the other factors ,  with the exception of  maintenance 
and depreciation which were given as constant w ith in  a tab le ,  varied  
only wi th running speed.
The tables gave costs in cents per vehicl  e-mile which res t r ic ted  
th e i r  usefulness, although graphs were given which showed fuel consump­
tion and tyre wear in basic quant i t ies .
A more recent and comprehensive work on the subject was conducted
14 .by Winfrey in the USA and published in 1963. In this pub l icat ion ,
Winfrey discussed the power character is t ics  o f  motor vehicles and
produced a set of running cost tables by which the r e l a t i v e  cost of
motor vehicle  usage could be calculated for differences in highway
design and t r a f f i c  conditions.
The f iv e  vehicles used in the experiments were ( i )  A, 000 lb 
passenger car,  ( i i )  5*000 lb commercial de l ivery  vehic le ,  ( i i i ) 12,000 1b 
single unit  truck having dual rear axles, ( iv )  40,000 lb petrol-powered 
t ra c to r -s e m i t ra i le r  combi nation having four axles,  (v) 50,000 lb d ie s e l -  
powered t ra c to r -s e m i t ra i le r  having f iv e  axles. Tables of  running costs 
( including fu e l ,  tyres, engine o i l ,  maintenance and depreciation)  were 
produced fo r  each of the f i v e  experimental vehicles,  fo r  a paved road 
in good condit ion, for  a combination of vehic le  speed, gradient ,  h o r i ­
zontal curvature and speed change cycles, with a s ingle fac to r  to 
convert these costs to the equivalent cost on a gravel road.
These tables were prepared using theory, personal judgement and 
experience when experimental resul ts were not ava i lab le .  This decision
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was based on the premise that a l locat ing  cost by judgement was pre­
ferred to the decision not to a l lo ca te .  The f igures in these tables  
were given in units of US dol la rs  per 1,000 veh ic le -m i les ,  with only 
fuel  consumption also quoted in physical resource units (ga l lons /  1000
veh ic le -m i le s ) . These fuel consumption f igures were compiled mainly
22from reference to Sawhill and Firey (discussed e a r l i e r  in th is
76chapter) and Claf fey (discussed la te r  in th is  chapter).  Adjustments,  
in terpo la t ions,  and extrapolations were made as necessary to meet the 
p a r t ic u la r  specif icat ions of the f i v e  test  vehicles and the ranges of  
speeds and grades.
Fuel consumption rates were tabulated fo r  uniform vehic le  speeds 
ranging from 5 mph up to a maximum of 80 mph on gradients up to 8 per 
cent in both downhill and uphil l  d irect ions.
These tables were the most comprehensive set of tabulated data 
on " typ ical  USA" vehicle  operating costs a t  that time. However, as 
these costs related to the condit ions in the USA at  that time and were 
specif ied in terms of US d o l l a r s , i t  would be d i f f i c u l t  to apply the 
resul ts to a d i f f e r e n t  monetary system and a d i f f e r e n t  environment.
Another set of  vehicle  operating cost tables were produced by 
15de Wei l i e  in 1966. The sources of  th is  paper were again o f  American 
or ig in .  In th is  empirical study three types o f  passenger cars, ranging 
from a Volkswagen 1200 to a Chevrolet B e la i r ,  and four types of  trucks,  
ranging from a pick-up to a heavy t ra c to r  with s e m i t r a i le r ,  were used. 
Roads were c lass i f ied  into three types; paved, gravel and earth roads, 
and data col lected re la t ing  running speed to t r a f f i c  and road condi­
t ions. Vehicle operating costs were tabulated fo r  six  categories;
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fuel consumptions, engine o i l  consumption, tyre wear, depreciation and 
in te re s t ,  maintenance, and occupant’ s (or d r iv e r 's )  time.
These costs were expressed in physical resource units fo r  a f l a t  
s t ra ig h t  paved road with percentage increases given fo r  gradient ,  
curvature, gravel and earth roads.
The fuel consumption, given in l i t r e s  per 1,000 ki lometres,  was 
tabulated fo r  uniform vehicle  speeds, ranging from 2k km/h to 113 km/h 
on f l a t ,  s t ra ig h t ,  paved roads, fo r  each vehic le  class with the 
'average' car f igures being the average of  the European (Volkswagen) 
and American (Chevrolet Bela ir )  car f igures. A percentage increase in 
fuel  consumption caused by gradients up to a maximum o f  8 per cent (a 
f i f t y - f i f t y  d is t r ib u t io n  of uphil l  and downhill gradients were assumed) 
and horizontal curvature up to a maximum of  30 degrees of  curvature  
were given. Add i t iona l ly ,  percentage increases in fuel consumption 
were also given for  gravel and earth roads.
These tables of  VOC were probably the most comprehensive and 
applicable  empirical work on road user consequences, p a r t ic u la r l y  fo r  
use in the USA as the major ity  of  the data base was gathered from 
sources in the States. As the costs were expressed in physical  
resource units ,  they were more readi ly  applicable  than Winfrey's  
tables to other monetary systems, although t h e i r  v a l i d i t y  to other  
environments, p a r t ic u la r ly  to developing countr ies, is questionable.
De V/ei11e ' s tables on fuel consumption showed that  the lowest 
rates of consumption were at  speeds between **8 km/h and 56 km/h fo r  
a l l  seven vehicles.  The two larger  trucks indicated an increase in 
fuel consumption between 50 and 200 per cent from a level to a 6 per 
cent grade ( f i f t y - f i f t y  d is t r ib u t io n  of r is e  and f a l l ) ,  depending on
A0
the vehic le  speed. However, no percentage increase was given for  
d i f f e r e n t  load condit ions of  the truck.
Another set of vehicle  operating cost tables was produced by 
16Claf fey  . This report combined the results of  several projects con­
ducted in the USA during the 1960's and was published i n i 971. Tables 
and graphs v/ere given of the various components of VOC, such as fuel  
consumption, tyre wear, maintenance costs, o i l  consumption and vehic le  
depreciation. Fuel and o i l  consumption were given in physical resource 
units ,  with the other components given as costs in US currency.
The fuel consumption measurements were made for  f i v e  d i f f e r e n t  
passenger car models, f i v e  types of  trucks and a bus. The passenger 
car fuel consumption was tabulated for  a 'composite passenger c a r ' , 
which was a weighted average of the percentage of  large,  standard,  
compact and small cars, established from a sample of 35,000 cars on 
the road in 19.69 . From the f iv e  types of  experimental trucks, fuel  
consumption rates were given for  three 'composite t rucks ' :  ( i )  pick-up
and panel trucks, ( i i )  two axle ,  s ix - ty r e  trucks, and ( i i i )  t ra c to r  
sem it ra i le r  truck combinations.
Results were tabulated for  each vehic le  class for  a range of  
uniform speeds and gradients up to 10 per cent,  with correction  
factors to adjust these values fo r  three other road surfaces, a range 
of curvature, d i f f e r e n t  t r a f f i c  volumes, and speed change cycles. As 
in Winfrey's and de Wei 1l e ' s work, no re lationships were given fo r  any 
of the cost components.
Claf fey tabulated the fuel consumption of  each vehic le  class 
separately for  uphil l  and downhi11 gradients,  as did Winfrey. On
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downhill gradients,  Claf fey gave consumption rates that i n i t i a l l y  
decreased and then remained constant as the gradient increased. 
Winfrey, however, gave f igures that i n i t i a l l y  decreased and then 
increased as the downhill gradient increased. The l a t t e r  case is the 
one normally encountered in pract ice,  as the engine tends to be used 
to help the vehic le  brake on steep downhill gradients,  resul t ing  in 
more fuel being consumed by the engine. This point is discussed in 
de ta i l  in the analysis of  the S'c. Lucia fuel consumption data in 
Chapter 8 (see. F igure ’.8 .2 ) .  .
On uphil l  gradients,  the percentage increase in fuel consumption 
between level and 6 per cent gradients given by Claf fey was larger  
than those given by de Wei l i e ,  as the l a t t e r  combined r ise  and f a l l  
grades. C la f fey 's  f igures indicated increases ranging from about 200 
per cent fo r  cars and vans, and about 350 per cent for  trucks. The 
gross weight of  th is class of vehicle  has a large e f fe c t  on fuel con­
sumption (see Chapter 8 ) ,  but no percentage increases were given in 
C laf fey 's  results fo r  d i f f e r e n t  load conditions of  the trucks.
These resul ts ,  l i k e  Winfrey's and de Wei l i e ' s  tables,  are ap p l ic ­
able to typical USA vehicles of that time and are not appropr iate  fo r  
use in Europe and developing countr ies, where the vehic les,  espec ia l ly  
the cars, are much smaller.
One of  the f i r s t  deta i led studies conducted in developing 
countries was by Bonney and Stevens^ during the ear ly  I 9 6 0 's.  A 
two-year invest igat ion into vehicle  operating costs was carr ied out on 
d i f f e r e n t  types of road surface in East and Central A f r ic a ,  covering 
65 commercial vehicles (hS buses and 19 trucks) on 27 routes. Data on 
fu e l ,  o i l ,  maintenance, tyres and depreciation were obtained on a 
regular basis from operators of  these vehicles.
k l
The results of th is  research related changes in operating costs 
to changes in the road surface type. I t  was. found -that operating on 
a good grade o f  gravel surface, rather than on a paved bituminous sur­
face, had l i t t l e  e f fe c t  on fuel consumption a t  normal operating speeds. 
However, operation on unimproved earth roads resulted in a 20 per cent 
increase in fuel consumption.
The cost,  in pence per mile,  o f  the various VOC components was 
given for  f i v e  East African countries on d i f f e r e n t  road surfaces.
These f igures i l l u s t r a te d  the shortcomings of  this type of  resu l t .  
Although accurate and comprehensive results may have been produced, 
th e i r  applicat ion and extrapolat ion from the geographic and time frame 
of the data base has to be viewed with a great deal of  caution. For 
example, the e f fe c t  of road surface condition cannot properly be 
expressed merely by c lass i fy ing  road*surfaces into one of three  
categories (paved, gravel and earth) as was done by Bonney and Stevens. 
I t  is possible for  a gravel road to have deter iorated to such a 
degree that the cost of operating vehicles over i t  would be substan­
t i a l  ly greater than the cost of operating vehicles over a well  main­
tained earth road. A more accurate representation would be to express 
the surface condition as a continuous function of  road roughness a f f e c t ­
ing the cost of operating vehicles.
In addit ion i t  is more d i f f i c u l t  to apply results given as a cost 
to other monetary systems or a f te r  a substantial  time when the r e l a t i v e  
cost of each quant ity has changed. Expressing each component as a 
quantity or in terms of a causal re la t ionsh ip ,  enables the resul ts  to 
be applied more eas i ly .
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Empir ical ly  derived relationships for  estimating journey time
27and fuel consumption were produced by Bunce and Tresidder in 1967 
fo r  Jamaican condit ions. Average journey time o f  a l l  t r a f f i c  in both
direct ions of  265 sections of  road was related to average road width,
average sight  distance, hourly t r a f f i c  f low, percentage of  heavy 
vehicles,  average curvature, and r ise  and f a l l  per mile .  The fol lowing  
re la t ion  was obtained:
J . T . = 2.503-0.0385w-0.0006A3s,+0.000905q+0.00925h+0.000790c+0.000906p
. . . . . . . ( 2 .28)
wherc ; Range
J.T.  = average journey time (min/mile) 1 .30-3 .72
w = average road width ( f t )  13 .8-27.8
s' = average sight distance ( f t )  134-844
q = hourly t r a f f i c  flow in both d irect ions (vehicles/h)  13“544
h = percentage of heavy vehicles in the t r a f f i c  stream 1 .4 -42 .6
c = average curvature (degrees/mile) 0-1272
p = r ise  and f a l l  ( f t /m i le )  * 0-390
The variables were a l l  s ig n i f ic a n t  a t  the 0.1 per cent l e v e l ,  and 
the R^  value was 0.757.
The e f fe c t  of road features on fuel consumption was examined in a 
s im i la r  way, using 68 basic sections for  which fuel data were a v a i la b le .  
The following re la t io n  was obtained fo r  average speeds between 19 and 
44 mile /h;
F = 3.002 + 0.0005980c +0 .002050p   (2 .29)
Range
where F = fuel consumption (gal/100 mile) 2 .67 -4 .67
c = average curvature (degrees/mile) 8-1272
p = r ise  and f a l l  ( f t /m i le )  5~374
The variables were s ig n i f ic a n t  a t  the 0.1 per cent l e v e l ,  and the
2R value was 0.533
These two estimating re la tionships were derived for  the average 
t r a f f i c  conditions in Jamaica and did not c la s s i fy  the v a r ia t io n  in 
e i th e r  speed or fuel consumption fo r  each vehicle  class. In th is  paper,
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a set o f  observed speeds and average surface i r r e g u la r i t y  (road 
roughness) measurements were given. Although the e f fe c t  o f  surface 
i r r e g u la r i t y  was not quant i f ied  in e i th e r  the speed or fuel consumption 
re la t ionsh ips ,  the paper i l l u s t r a t e d  that simple surface type c l a s s i f i -  
cat ions, such as ’ paved1 or ’ g ra v e l ’ , were not adequate fo r  any 
quantative assessment of road surface impact on vehicle  operating costs.
Inputting the mid-point o f  the range of variables into equation 
2.28 (w = 20, s'  = 500, q = 2 5 0 ,  h = 20, c = 600) ,  Bunce's re la t ionship  
predicted a speed of  26.1 mph on a level road and 2 3 . k mph fo r  a r ise  
and f a l l  of 300 f t / m i l e  (5 .7  per cen t ) .  S im i la r ly  equation 2.29  
predicted a fuel consumption rate of  0.0b59 gal lons/mi le  on a level  
road and 0.0721 gal lons/mi le  on a 5 .7  per cent grade (with c = 600) .
Both the speed and fuel consumption f igures were low when compared with  
previous research, with the e f fe c t  of gradient also being small .
However, a general re lat ionship  fo r  the speed or fuel consumption of  
the t r a f f i c  on a road is not appropriate for  road appraisal studies.
An em pir ica l ly  derived re lat ionship  between fuel consumption and
25vehic le  speed was .established'by .Everal1 in 1968 fo r  conditions in 
the UK. The fuel consumption and speed of s ix  vehic les,  ranging from 
a small car to a heavy a r t icu la ted  truck, were monitored over a 2kS 
ki lometre route, divided into 15^ sections according to road layout,  
during l ig h t ,  medium and heavy t r a f f i c  flows.
I t  was found that  the fuel consumption o f  passenger cars was least  
a t  a uniform speed of  about 55 km/h and was p a r t ic u la r l y  high in low 
speed t r a f f i c  of about 10 km/h. This U-shaped speed/fuel consumption 
curve was described using a re lationship  of  the form:
b5
FL = a + b/ v  + cV2 . . . . . . .  (2.30)
where FL is the fuel consumption
V i s  the vehi cle speed 
and a ,b ,c  are constants.
This form of equation was used to derive a fuel consumption 
re la t ionsh ip  fo r  an average vehicle  (a resu l t  from the s ix  vehicles  
used, weighted in proportion to the re la t iv e  frequencies o f  the size  
of vehicles represented) and was given as: -
FL = 6.11 + - ^  + 0.000400V2    (2.31)
where FL is in l i t r e s /1 0 0  km and V is the average car speed fo r  a
section in km/h.
Everall  did not provide s im i la r  formulae fo r  the two cars used in
the study, but quoted instead separate relat ionships for  motorways and
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fo r  Central London. Gardiner analysed E vera l l 's  data-and produced 
an expression for  the average of the two cars as given below.
FL = k M  + Ap- + O.OOObOV2     (2 .32)
Equations 2.31 and 2.32 are very s im i la r ,  indicat ing the e f f e c t  
that the large number of cars have on the overa ll  expression.
E v era l l 's  results showed that gradients under 3.5 per cent (average 
of uphil l  and downhill ) had l i t t l e  e f fe c t  on the fuel consumption of  
cars. However, a 6 ^ A  per cent grade increased the cars'  fuel con­
sumption on average by 25 per cent,  and a 7^ A  per cent grade increased 
the fuel consumption by per cent.
Webb's results showed an increase of 22 per cent on a 6 per cent 
grade and 29 per cent on an 8 per cent grade (average of  uph i l l  and 
downhill )  for  good economy dr iv ing.  These f igures were smaller than
b6
E v e r a l l 1s, p a r t ic u la r l y  on the 8 per cent grade. Ev era l l 's  f igures were 
the mean of the small and large car.  For the smal1 car only,  the 
increases were 21 per cent and 38 per cent,  which compared reasonably 
w el1 with Webb's results .
Everall  established relat ionships of the form shown in equation 
2.30 for  a minibus and three trucks. The values of  a, b and c in 
equation 2.30 are given in Table 2.2 for the four vehicles in an 
empty and f u l l y  laden condition.
TABLE 2.2
Constants in the fuel consumption-speed re lat ionship  fo r  
commercial vehicles established by Everall
Empty Laden
constant Vv V2 constant Vv V2
Minibus 
7 ton truck  
12 ton truck 
20 ton truck
4.72
11.98
13.39
21.61
103.8
150.5 
254.8
278.5
0.00053 i 
0.00111 
0.000549 
- 0.000313
5.20
18.82
26.13
48.51
223.2
253.9
397.7
271.2
0.000577
0.000524
-0.00218
-0.00479
The fuel consumption of  commercial vehicles was found to be 
p a r t ic u la r ly  af fected by gradients and loads, being 125 per cent greater  
on a 6 V 4  per cent grade than on a level road fo r  a f u l l y  laden truck.
This f igure  applied to the 12 ton and 20 ton trucks where the f u l l  load
was 20 tons and 29 tons respect ively.  The small 7 ton truck gave an 
increase of  43 per cent when f u l l y  laden (10 tons) on a 6 V 4 per cent 
grade. A f u l l  load increased the fuel consumption of these trucks in 
the range 50 per cent to 70 per cent from the empty load condit ion,
depending on the vehicle speed.
47
In his analysis Everall  did not give any s ignif icance values fo r
2
the regression coe f f ic ien ts  (such as ' t '  or 'F'  le v e ls ) ,  nor R values
fo r  the equations. Dawson expressed doubts about the s ignif icance  
2
of the V term in Everal1‘ s equations fo r  trucks. He quoted that the
heavier goods vehicles used in Evera l11s study could not a t ta in  very
2
high speeds and consequently the c o e f f ic ie n t  of  V was too low.
These doubts have also been expressed by Gard iner^  in h is  re -  
analysis of  Evera l11s data.  Gardiner's regression coe f f ic ien ts  fo r  
Evera l11s truck data are given in Table 2 .3 .
TABLE 2.3
Gardiner's regression coe f f ic ien ts  fo r  Ev era l l 's  data
Empty Laden
constant Vv v2 constant 1 /v V2
Hi nibus 
7 ton truck  
12 ton truck  
20 ton truck
4.9
12.9
16.3
23.5
197 
127
198 
238
0.00059
0.0010
0 . 00033* *
- 0 . 00034* *
6 .2
25.1
34.6
46.6
211
163
239
318
0.00041
-0 .0031*
-0 .0036*
-0.0040
* Not s ig n i f ican t  a t  the 5 per cent level  
* *  Not s ig n i f ic a n t  a t  the 25 per cent level
2
In four out o f  the eight  cases, Gardiner showed that  the V term
was not s ig n i f ic a n t  at  the 5 per cent level (two not being s ig n i f ic a n t
even a t  the 25 per cent l e v e l ) .  Thus the magnitude and v a l i d i t y  of  the 
2
V term in Ev era l l 's  equations fo r  estimating truck fuel consumption 
must be viewed with caution.
26In a note produced by Dawson , a s im i lar  U-shaped curve was used 
to describe the cost of operating vehicles in the UK in 1967. The
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average cost of  four ' representa t ive1 vehicles was given in pence per 
vehic le  ki lometre as a + ^A/ + cV^ where V is the average veh ic le  
speed. The four representative vehicles were taken as:
( i )  A 1^00 cc car
( i i )  A petrol van with a carrying capacity of  10 cwt
( i i i )  A diesel vehicle with a carrying capacity of  7 tons
( iv )  A 51-seater bus.
The four individual relat ionships were combined to give the
average cost per vehicle k i lometre,  based on the average composition
37of  t r a f f i c  on a l l  roads in UK in 1967 and expressed in terms o f  the
average speed of cars as fo l low s:-
Cost per vehicle ki lometre = 2.0 + + 0.000067V  ^ pence
c c
.............. (2.3?)
where V is the average car speed in km/h. c
A s imi lar  set of vehicle operating cost functions was derived  
36by Dawson in 1970. Four individual re lationships were again 
established for  the four vehicles l is te d  above and then combined to 
give the average cost per vehicle  ki lometre based on the average 
composition of  a l l  t r a f f i c  (80 -per-cent cars, 9 per cent vans, 9 per
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cent other commercial vehicles and 2 per cent public service vehic les)  .
The cost was expressed in terms of the average speed of cars as fo l lows:-
76 2Cost per vehicle  ki lometre = 1.13 + y— + 0.000021V new pence
c
  (2.3*0
where V i s  the average car speed in km/h.
Equation 2.33 indicated that the cost of operating vehicles in 
1967 at  50 km/h and 100 km/h was 2.15 new pence/km (5.17 pence/km) and
A9
1.7** new pence/km respect ive ly .  Equation 2.3** indicated that  in 1970 
these costs had risen to 2.70 new pence/km and 2.10 new pence/km for  
speeds of  50 km/h and 100 km/h respect ively.  The optimum speed pro­
ducing the lowest costs was 10*} km/h in 1967 and 122 km/h in 1970.
The usefulness of this type of information is l imited as i t  applies  
to condit ions in a specif ied environment and incorporates the prices  
a l  the time of the invest igat ion.  Thus, as shown above, the r e la t io n ­
ships need updating a t  regular in te rva ls .  In addit ion they are 
insensit ive  to road character is t ics  as the measurements were made over 
a range of road conditions and the resul ts averaged.
In several of the studies that have been reviewed in th is  chapter,
the cost of  vehicle  operation was shown to vary on d i f f e r e n t  road
surfaces. However, the condition of  these road surfaces was not
quanti f ied and established into causal re lationships.  The e f f e c t  of
surface i r r e g u la r i t y  on vehicle  speeds was successfully incorporated
into speed estimating re lat ionships ,  on rural roads in Kenya, by
28Abaynayaka, Howe, Jacobs and Morosiuk in 197**.
A survey of journey times was spread over a period of  1** months,
with the surface i r r e g u la r i t y ,  on both paved and gravel roads, being
made before or a f t e r  the journey time survey. The vehicles were 
grouped into two classes; l ig h t  vehicles (passenger cars and vans) 
and heavy vehicles (trucks and buses).
The results of the survey showed that surface i r r e g u la r i t y  
affected the speed of both classes of vehicles on gravel roads, but 
only af fected the speed of  l ig h t  vehicles on paved roads. The 
magnitude of  the e f fe c t  of  surface i r r e g u la r i t y  was r e l a t i v e l y  small
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when compared with the e f f e c t  of hor izontal curvature and gradient ,  as 
can be seen in the re lationships derived from this study.
Paved roads
V1 = 73.18 -  0.G90C -  0.353 (RS+F) + 5.25W -  0.067VF -  0.019R -  0 .1 86H . . .  (2.35)
R2 = 0.74
V2 = 65.77 -  0.5*3(RS+F)- . . .  (2-36)
R2 = 0.48
Gravel roads
V, = 75.07 “ 0 .059C-* 0.012R -  0.130 ( RS-f-F)
R2 -  0.70
49.55 -  0 . 418(RS+F) + 2.05W- 0.029C -  0.008R+ 0 .003A
R2 = 0.70
where = speed of  l ig h t  vehicles on paved roads (km/h)
= speed of  heavy vehicles on paved roads (km/h)
" speed of l ig h t  vehicles on gravel roads (km/h)
= speed of heavy vehicles on gravel roads (km/h)
C = hor izontal curvature (degrees/km)
(RS+F) = r ise  and f a l l  (m/km)
W = road width (metres)
VF = vehicle f low (veh/h)
R = surface i r r e g u la r i t y  (cm/km)
H = percentage of heavy vehicles  
A = a l t i t u d e  (metres)
The above speed estimating re lationships predicted the fo l lowing
reductions in speed for  an increase of 100 cm/km in surface i r r e g u la r i t y ,
39as measured by a Bump Integrator
( i )  1.9 km/h for  l ig h t  vehicles on paved roads
( i i )  1.2 km/h for  l ig h t  vehicles on gravel roads
( i i i )  0.8  km/h for  heavy vehicles on gravel roads.
In the report equations 2.35 and 2.38  were s im pl i f ied  reducing 
2
the R values for the equations by only 5 per cent and 3 per cent
. . .  (2.37)  
. . .  (2 .38)
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respect ive ly .  These recommended equations for predict ing speeds were 
given a s : -
V. = 57.56 -  0.09C -  0 .328 (RS+F) + 5.45W     (2.39)
R2 = 0.69
V ' = 41.02 -  0 .399 (RS+F) + 3.14W -  0.028C    (2.40)
R2 = 0.67
Using the mean values of  the variables given in the report (Paved:-
C = 49, RS+F = 25.4 ,  W = 6 .6 ,  Gravel : -  C = 112, RS+F = 30.8,  W = 6 .2 ,
R = 660) the four re lationships (equations 2.39,  2 .36,  2.37 and 2.40)
predicted the fol lowing speeds for  the Kenya environment.
Paved V.j = 80.8 km/h 
= 52.0 km/h 
Gravel V, = 56.5 km/h 
= 45.1 km/h
These speeds were much higher than those given by the re la t ionsh ip  
established by Bunce and Tressider (equation 2.28) for  Jamaican condi­
t ions (42 km/h on a level road).  The e f fe c t  of gradient given in 
Abaynayaka's equations was also larger  than the e f fe c t  given by Bunce.
On paved roads, a 6 per cent grade reduced speeds by 20 km/h and 32 km/h 
from speeds on a level road for  l ig h t  and heavy vehicles respect ive ly  
in Abaynayaka’s equations, whereas a 5.7 per cent grade (300 f t / m i l e )  
reduced vehicle speed by only 4.5 km/h for  Jamaican condit ions.
2.3.1 Discussion on empirical research
Several pieces of empirical work on various components o f  vehic le  
operating costs,  p r io r  to the establishment of major VOC studies in 
the mid 1970's,have been reviewed. The d i f f e r e n t  ways of  presenting  
the results have been i l lu s t r a te d  (e .g .  in tabular  or graphical form,
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or as causal re la t ionsh ips ) ,  together with  the useful ness and 1imita-  
t ions of these f indings.
The major ity  of  th is  work was conducted in the USA and the UK, 
and was generally applicable only to the environment in which the study 
was conducted. Consequently these results have l i t t l e  relevance to 
developing countries.
Extensive research on vehicle  operating ccsts for  use on rural  
roads in developing countries began in the 1970's and the next section  
of th is  chapter reviews several o f  these major studies.
2 .4  VOC studies in developing countries
The f i r s t  major VOC study, in which a l l  the components of  vehic le
6operation were invest igated,  was conducted in Kenya in the ear ly
1970's. Since then several other studies have been undertaken in other
32 31 10 11parts of  the world,  notably in India , Brazil  and the Caribbean *
The Kenya study is discussed in de ta i l  in section 2 . 4 . 1 ,  but the 
results of this study are not given in this section as they are com­
pared in de ta i l  with the results of the St. Lucia study in Chapter 9.
The Indian study is discussed in de ta i l  in section 2 .4 .2  together with  
the prel iminary results from the study. I t  is not possible to give  
more than an out l ine  of the Brazil  study (section 2.k.3>)  as the results  
of the study have not yet been publ i shed. The Cari bbean VOC study forms the 
basis of  this thesis and the St.  Lucia vehic le  performance study, in 
which the vehicle speed and fuel consumption experiments were conducted, 
is discussed in de ta i l  in the following chapters.
2.4.1 The Kenya Road Transport Cost Study
The l im i ta t ions as to the a p p l i c a b i l i t y  of  previous work to rural
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roads in developing countries resulted in the TRRL, in col laborat ion  
with IBRD, set t ing  up a major experimental study in Kenya in the ear ly  
1970‘s. Field work was started in A p r i1 1971 and was completed in 
July 1973. The analysis and results of the vehic le  operating cost 
study^ have been described separately from the results of  the road 
deter io ra t ion  study^, the VOC study beir.g the subject of th is  review.
The purpose of th is  study was to examine the e f fec ts  of various 
road, vehicle and environmental parameters on the d i f f e r e n t  components 
of vehicle  operating costs fo r  low-volume rural roads in developing 
countries. A11 - t h e . relationships were derived on e i th e r  a quanti ty  or 
a non-dimensional basis,  rather than a cost basis,  the actual cost in 
any environment being calculated by applying the relevant un i t  rates.
The study was carr ied out in two parts: an experimental i n v e s t i ­
gation into vehicle  speeds and fuel consumption, and a user survey o f  
vehicle  operating costs. As the subject of th is  thesis is the vehic le  
performance components of  VOC, this review concentrates on the exper i ­
mental study of  vehicle speeds and fuel consumption.
The experimental study was designed to measure the e f f e c t  of  road 
and environmental parameters on vehicle  speed and fuel consumption.
The parameters investigated were:-
( i )  Environmental:- a) r a i n f a l l ,  b) a l t i t u d e
( i i )  Road geometry:- a) curvature b) gradient c) road width
( i i i )  Surface type:-  a) asphalt ic  concrete b) bituminous surface
dressing, c) gravel roads, d) earth roads.
( iv )  Surface condit ion:-  a) roughness, b) looseness, c) moisture
content,  d) rut depth [ b ) , c) and d) on gravel  
and earth roads only ] .
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A to ta l  of  95 test  sections were selected of  which 49 were paved,
42 were gravel and 4 were earth .  Each test  section was one ki lometre  
long wi th transi t ion sections of  500 metres a t  ei ther end of  si milar  
character is t ics  to the test  section i t s e l f .
The range of  road parameters o f  these tes t  sections are given 
below.
Paved Gravel
Curvature (degrees/km) 0 -  157 0 -  1°8
Gradient (per cent) 0 -  8.6 0 -  5.5
Roughness (mm/km) 1429 ~ 3557 2200 -  20600
Road width (metres) 5.6 -  7-5 6.0 -  10.0
A l t i tude  (metres) 180 -  2300 0 -  1980
Looseness (mm) 0 -  13.0
Moisture content (per cent) 0 - 2 5
Rut depth (mm) 0 - 6 7
Journey time measurements were made on a l l  the test  sections.
None of  the test  sections carried flows in excess of  1500 vehicles per 
day with the major ity  of sections carrying flows of only 150 vehicles  
per day or less. The vehicles were divided into f iv e  categories:
( i )  Passenger cars
( i i )  Light goods (goods vehicles of less than 1500 kgms unladen weight)
( i i i )  Medium goods (2-axled goods vehicles of  more than 1500 kgms
unladen weight)
(?v) Heavy goods (a l l  goods vehicles greater  than 8.5 tonnes gross
vehicle weight)
(v) Buses.
The vehicle speed data were analysed separately fo r  paved and 
gravel roads, and speed estimating relat ionships were produced for. each 
of the four classes of vehicle (the medium and heavy goods classes were 
combined).
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The speed estimating relationships are not given in th is  chapter, 
as they are given in Chapter 9 where they are compared with  the St. Lucia 
speed estimating re lat ionships .  A summary of  the re lationships derived 
from the Kenya study is given below.
For paved roads the s ig n i f ican t  var iables that a f fected vehic le  
speed were found to be the two components of  gradient ( r i s e  and f a l l ) ,  
curvature and a l t i t u d e .  A l t i tu d e ,  however, was found to be s t a t i s t i c ­
a l l y  ins ig n i f ican t  in the case of medium and heavy goods vehicles but, 
as i ts  sign was correct,  i t  was included in the speed est imating  
re lat ionship  for  reasons of  standardisation.
For gravel roads the s ig n i f ic a n t  variables were found to be r is e ,  
f a l l ,  curvature, roughness, moisture content and rut depth. Several 
of  these variables were not s t a t i s t i c a l l y ' s i g n i f i c a n t  in a l l  four  
relat ionships but again were included fo»* reasons of  standard isation.
The small range of roughness on paved roads, and road width on
both paved and gravel roads, prohibited the inclusion of  these var iables
in the respective speed estimating re lationships.  Road width, however,
was included in the f ina l  equations using the results from a previous
28survey of  vehicle speeds in Kenya
The speed estimating relat ionships for  medium and heavy goods 
vehicles did not include any variables associated with the character­
is t ics  of  the vehic le .  The possible ranges of gross vehic le  weights 
(GVW) and brake horsepower (bhp) for  this class of vehicle  are extensive
and do a f fe c t  the speed of vehicles. Consequently a study of commercial
29vehicle  speeds was undertaken in Ethiopia in 1976, in which the author  
was involved, both at the f i e ld  work and the analysis stages. The 
results of th is study resulted in the re lationships derived from the
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Kenya study being modified to include the e f fe c t  of  the power to 
weight ra t io  (PW) of trucks.
Fuel consumption measurements were made by conducting a ser ies of  
controlled experiments using the fol lowing three test  vehicles.
( i )  Ford Cortina estate  car with a 1.6 1i t r e ,  4 -cy l inder  petrol  
engi ne.
( i i )  Landrover with a 2 . 77m wheelbase and a 2.6 l i t r e ,  6 -cy l inder  
petrol engine.
( i i i )  Bedford J4LC5 truck with a 5.^ 1i t r e ,  6 -cy l inder  diesel  engine.
The truck was used in three d i f f e r e n t  load condit ions, namely 
empty, h a l f - f u l l  and f u l l y  laden, and under these condit ions the power 
to weight r a t io  was 32.0,  18.5 and 12.7 bhp/tonne respect ive ly .
As in the analysis of  vehicle  speeds, the fuel consumption data 
were analysed separately for  paved and gravel roads and fuel consumption 
estimating relat ionships were produced fo r  each of  the three vehic les.
These fuel estimating re la tionships are also not given in th is  
chapter,  as they are compared in Chapter 9 with the re lationships  
derived from the St.  Lucia fuel consumption experiments. A summary of  
the Kenya fuel consumption re la tionships is given below.-
For paved roads the s ig n i f ic a n t  var iables were found to be r is e ,  
f a l l  and speed, with the power to weight r a t io  being an addit ional  
s ig n i f ican t  var iab le  fo r  the truck class. In addit ion to these var iables,  
roughness and looseness were also found to exert  a s ig n i f ic a n t  e f f e c t  on 
the fuel consumption of a l l  three vehicles on gravel roads.
The vehicle  speed var iab le  had been analysed using the 'U-shaped1
25 26 36fuel/speed curve described by Evera l1 and Dawson * with  the other
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variables used in the l inear  format as shown below,
b 2FL = a + y  + cV + dx.j + + .........
where FI. is the fuel consumption per unit  distance
V is the speed of  the vehicle  
X j , X2 are the other independent variables  
a, b, c, d, e are constants
From the user cost survey, relationships were also derived for  
estimating other components of VOC, such as parts consumption, 
maintenance labour, tyre consumption and depreciation,  on a quanti ty  
basis.  A11 the results were expressed as causal re la tionships rather  
than in a tabular form used in previous invest igat ions,  such as those 
conducted by W in f r e y ^ ,  de W e i l l e ^  and C l a f f e y ^ .
The data col lected during the study were the most comprehensive
obtained anywhere at  that  time and the results of  the analyses repre­
sented an important advance in the understanding of  the re lationships  
between the components of  vehic le  operating costs and road and 
environmental parameters.
The VOC relationships derived from this study were incorporated in
8 9 'the Road Transport Investment Model * . The model calculated the con­
struct ion cost of a road and predicted the condit ion of  the road as 
time passed and vehicles t rave l led  along i t .  Having predicted the 
condit ion of  the road, the model estimated the costs of road maintenance 
and the cost of  operation of  the vehicles for  each year.  Al l  these 
costs were then discounted back to the base year,  and summed over the 
l i f e  o f  the road, to obtain the tota l  cost. Al l  estimates were made in 
terms of  physical quant i t ies  and costs were obtained by applying un i t  
rates to them.
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Although the VOC relat ionships derived from the Kenya study were 
the most comprehensive set of  results established on low volume rural  
roads in developing countries a t  that  t ime, they were capable of  fu r ther  
improvement. The ranges of several of  the road character is t ics  were 
r e l a t i v e l y  small.  For example, hor izontal curvature ranged from zero 
to 198 degrees/km for  a l l  surface types and the maximum roughness encoun 
tered on paved roads was only 3500 mm/km as measured with a Bump 
In tegrator .  The maximum gradient was 8.6 per cent but the average 
gradient of  the test  sections was less than 1.5 per cent.  The lack of  
tes t  sections with severe geometric condit ions could have influenced the 
trend displayed by the regression coe f f ic ien ts  of  these var iables in the 
re lationships .  This point is discussed in more d e ta i l  in Chapter 9-
In addit ion the information collected from vehicle operators fo r  
the user cost survey was invar iably  data on vehicles operating pre­
dominantly over ro l l in g  te r ra in .  Therefore i t  was not possible to 
develop relat ionships which isolated the e f fec ts  of road geometry and 
vehic le  speed on vehic le  maintenance and tyre consumption.
As a l l  the VOC relationships were derived from f i e l d  work in 
Kenya, the a p p l i c a b i l i t y  of these re lationships to other environments, 
and to roads outside the range of  Kenya data, must be viewed with  
caution.
2 .4 .2  The Road User Cost Study in India
In 1978 a Road User Cost Study was set up in India. This research 
project  was sponsored by the Government of India and implemented by the 
Central Road Research In s t i tu te  (CRRI) in New Delhi.  The World Bank 
provided a l imited amount of  assistance by supplying some equipment for  
the study and some technical expertise.
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As the t i t l e  of the study suggests, the project  investigated only 
the various cost components of  operating vehicles on the road and, 
unl ike the Kenya study, did not invest igate road d e te r io ra t ion .  This 
project  was undertaken by CRRI in India as i t  was f e l t  that the Kenya 
re lationships and the forthcoming results from a s im i la r  study in Brazil  
could not be applied to the conditions in India.
The major ity  of  th is research project  was s a t i s f a c t o r i l y  completed
T2by the end of  1981 and the Final. Report published in 1982. This 
review is concentrated on the der ivat ion o f  vehicle  speed and fuel  
consumption re lationships.
The ro=ad character is t ics  considered in the main study on vehic le  
speeds are given below, together with the ranges encountered on the 
test  s i tes .
The vehicles were grouped into four categories: -
( i )  Light vehicles (cars, jeeps, vans, etc)
( i i ) Buses
( i i i )  Trucks ( including t r a c t o r - t r a i l e r  combinations)
( iv )  Two-wheelers (scooters, motorcycles, mopeds).
Vehicle speeds were monitored on 76 s i tes  for  periods ranging 
from 5 hours to 20 hours. The to ta l  number of speed observations for  
each vehicle  class on a l l  76 s i tes  are given below.
( i )  Light vehicles -  2920
( i i ) Buses -  2527
( i i i )  Trucks -  3796
( iv )  Two-wheelers -  2236
Range
( i )  koad width (metres)
( i i )  Gradient (per cent)
( i i i )  Curvature (degrees/km)
( iv )  Roughness (mm/km) 2 0 5 0 - 1 5 2 5 0
3.5 -  7.0
0 -  9.1
1 -  1243
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Relationships for  estimating vehicle  speeds fo r  each of  the four  
classes of  vehicle were derived using three types of  ana lys is : -
1) Using the individual speed observations as the dependent 
var iable
2) Using the mean f ree speed a t  each s i t e  as the independent 
var iable
3) Using weighted least  squares analysis.
A comparison of three types of analysis is given below for  l ig h t  
vehicles and trucks.
Light vehicles
V1 = 5 5 .7+  1.8200W- 0. 1778RS -  0 . 1551F- 0.0088C -  0.0033R . . . .  (2 .41)
R2 = 0.483
V£ = 52 .4+  1 .7609W -0 . 1621RS-■ 0 . 1240F-0.0123C -  0.0025R . . . .  (2.42)
R2 = 0.754
V3 = 60.6 + 1 .0462W-0.1921RS -  0. 1844F- 0.0078C -  0.0036R . . . .  (2 .43)
R2 = 0.791
Trucks
V^ = 46.5 + 0 . 8812W- 0 . 1752RS -  0 . 0732F - 0 . 0136c -  0 . 0016R ____ (2 .44)
R2 = 0.176
Vr = 45.9 + 1 . 1853W -  0.2099RS -  0 . 1420F- 0.0131C -  0.0017R . . . .  (2 .45)b
R2 = 0.733
V6 = 47.3 + 1.0564W- 0.2686RS -  0.2649F -  0.0099C -  0.0019R ______  (2.46)
R2 = O.898
where and are vehicle  speeds in km/h using individual  speed 
observations
V2 and V,- are vehicle  speeds in km/h using mean f ree  speed 
at  each si te
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and are vehicle  speeds in km/h using weighted least  
squares analysis
W is the road width in metres
RS is the r ise in m/km
F is the f a l l  in m/km .
C is the curvature in degrees/km
R i s the roughness i n mm/km.
The weighted least squares analysis of  the speed data produced, 
s t a t i s t i c a l l y ,  the best equations fo r  each vehic le  class (equations 
2 . ^3 and 2 .46 ) .
The three equations for  each vehicle  class predicted s im i la r  
speeds. For example, on a f l a t ,  s t ra ig h t ,  smooth road (W = 7>
R = 2500, RS,F,C =0) the l ig h t  vehicles speeds were estimated as 
= 60.1 km/h, = 58.5 km/h, = 58.9 km/h and the truck speeds 
were estimated as = 48.7 km/h, = 50.3 km/h, = 49.9 km/h.
These speeds were low due to the unique t r a f f i c  composition 
encountered on Indian roads. There is no segregation between slow 
moving t r a f f i c  and normal t r a f f i c .  The slow moving t r a f f i c ,  composed 
of  bullock car ts ,  cycle rickshaws, camel carts and b icycles,  are common 
on most roads in India and constantly in te r fe re  with the movement of  
normal t r a f f i c ,  such as cars and trucks.
In the analysis of the truck and bus speed data, the e f f e c t  of  the 
power and gross weight of these vehicles was not invest igated. This 
resulted in low R values when the individual observations were used 
in the analysis,  as shown in equation 2.44. No d is t in c t io n  was made 
between paved and unpaved roads, although roughness was used as a 
descriptor of the condit ion of  the road surface. Variables such as 
moisture content,  rut depth and looseness were not recorded on the
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unpaved roads. These var iables had been shown to have an e f fe c t  on 
vehic le  speed and fuel  consumption in the Kenya study.
Controlled fuel consumption experiments were performed using 
f i v e  instrumented vehicles.
1) Ambassador car (1500 cc engine)
2) Premier Padmini car (1100 cc engine)
3) Mahindra diesel jeep
4) Tata truck 1210 SE/42 (6 tonnes empty)
(12 tonnes laden)
5) Ashok Leyland Boxer haulage truck (8 tonnes empty)
(16 tonnes laden)
For the steady s tate  fuel consumption experiments, the test  
vehicles were driven at  selected speeds over a range of tes t  sections 
generally 1 km in length. The gradients on the test  sections ranged 
from f l a t  to 5 per cent and the roughness from approximately 4,000 mm/km 
to over 8,000 mm/km. Curvature was not included as a var iab le  in the 
analysis.  The two trucks had addit ional  loads put on them so that  a
range of  power to weight rat ios could be included in the analysis fo r
these two vehicles.
2
The analysis was carried out using 1/V and V as the speed 
variables in addit ion to the road cha ra c te r is t ics ,  r is e ,  f a l l  and 
roughness and the power to weight var iab le  fo r  trucks, a l l  in a 
1 inear format. Separate relat ionships were derived for  est imat ing  
fuel consumption for  the f iv e  test  vehicles as given be low:-
Ambassador car
FL= 10.31 + 0.0133V2 + 0.0006R* + 1.39RS -  1.03F   (2.47)
R2 = 0 . 8 8 0
Padmini car
FL = 49.84 + l 1-^ -°-7-+  o.oo35V2 + 0.0019R+ 0.94RS -  0.68F   (2.48)
R2 = 0.969
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Diesel jeep
FL = 30.83 + + 0.02fr2V2 +0.0012R+1.28RS -  0.56F . . . . .  (2.1*9)
R2 = 0.973
Tata truck
FL = 85 .07 + —  + 0.0207V2 + 0.0012R* + 3.33RS- 1.78F-6.2APW
. . . . .  (2.50)
R2 = 0.932
Ashok Leyland truck
FL = 266.52+ ■2517,27 + 0 .0362V2 + 0 . 0066R + k.  26RS -  2.7AF -  6.27PW
  (2.51)
R2 = 0.792
where FL is the fuel consumption in ml/km
PW is the power to weight r a t io  in kw/tonne 
and the other symbols used are as given fo r  the speed re lat ionships  
*  Not s igni f ica n t  .
These relationships were s t a t i s t i c a l l y  highly s ig n i f ic a n t  except 
fo r  the roughness var iab le ,  which was not s ig n i f ic a n t  in two of the 
re lationships.  However, the test  sections only covered a range of  
gradients from f l a t  to 5 per cent and consequently, extrapola t ing  these 
re lationships to more severe gradients may produce u n r e a l is t ic  
estimates of fuel consumption.
The import control of India prohibi ts  the importation of  any 
vehic le  into the country. Thus the f i v e  vehicles used in the fuel  
experiments covered the e n t i re  spectrum of  vehicles b u i l t  and used in 
India.
The vehicle  speed and fuel consumption estimating re lat ionships  
derived from the Indian study are compared with those derived from the 
Kenya and St. Lucia studies in Chapter 9.
2. A. 3 The D raz i1 ian Highway Cost Study
As mentioned in Chapter 1, MIT developed the i n i t i a l  integrated
framework in the ear ly  1970‘ s, re la t ing  construction, maintenance and 
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road user costs based on information from published l i t e r a t u r e  a t  that  
t ime. The World Bank combined the structura l  framework of  this model 
with the empirical relat ionships derived from the Kenya study in 
addit ion to new technology published up to the mid 1970's to produce 
a model called the Highway Design and Maintenance Standards Model 
(HDM)30.
The HDM model was designed to produce an economic answer in terms 
of an Internal Rate of Return, in addit ion to t ry ing to be m u l t i - l i n k  
with multi-design/mainentance options. The RTIM model was a simpler  
model, evaluating the various components of  to ta l  transport cost (con­
s t ruct ion ,  maintenance, and vehicle operating costs) for  a given 
s i tu a t io n ,  without attempting to f ind a minimum or optimum solut ion to 
the sum of these costs.
As the HDM model incorporated results obtained from the Kenya
study and the v a l i d i t y  of  these re la tionships in other regions was not
c lea r ,  a s im i la r  research project  was set up in Brazil  e n t i t l e d
“ Research on the Inte rre la t ionships  Between Costs of  Highway Construction
31Maintenance and U t i l i z a t io n "  .
The project  was the resu l t  of an agreement signed in January 1975 
between the Government of Brazil  and the United National Development 
Program (UNDP). The Min istry  of  Transport of  Brazil  was the Government 
Co-operating Agency through GEIPOT (Transport Planning Agency) and the 
IBRD was the executing agency fo r  UNDP. The Department o f  National Road
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Transport (DNER) was also involved with the conduct of the p ro jec t .
The IBRD contracted with the Texas Research and Development Foundation 
(TRDF) to provide the international  s t a f f  for  the project .
Work was started in July 1975 ar>d ended in November 1979 a f t e r  a 
f i f t y  three month long study period. Three objectives were pursued 
during the project :
1) The establishment of  relationships between road user costs,  road 
geometric standards and surface conditions for  rural  roads.
2) The determination of  the re lationship  between road de te r io ra t ion  
and maintenance costs, as a function of pavement and geometric 
design standards, as well  as of t r a f f i c  volume and composition 
under Braz i1ian c l im at ic  conditions.
3) The creation,  modification arid adoption of  ex ist ing  mathematical 
models for  B raz i1ian use, and incorporating them into a computer 
model for use in evaluating a l te rn a t iv e  design, construction and 
maintenance strategies for  low volume roads.
The project  was organised into three study areas; one on pavement
performance and the other two on vehicle  operations. Or the two on 
vehicle  operations, one involved def ining a series of  controlled  
experiments that were designed to generate data to be used in formulat*
ing equations to .p red ic t  vehicle  speed and fuel consumption. In the
second procedure, a survey of road users was implemented to obtain  
vehicle  operating costs for  tyres,  maintenance, o i l  and deprecia t ion.
I n i t i a l  contact was made with over 300 companies and more than 
2500 vehicles were registered for the road user survey. Data on fu e l ,  
o i l ,  tyres, replacement par ts ,  labour and vehic le  depreciation were 
collected on a regular basis.  F ina l ly  data on over 1600 vehicles
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derived from 132 companies were ava i lab le  in 1979 fo r  prel iminary  
analysis.  Quant itat ive measures were obtained o f  the roadway character­
is t ic s  of  over 30,000 kms of  routes over which the vehicles operated.
The condition of the road surface (roughness) was shown to have a 
p a r t ic u la r l y  s ig n i f ic a n t  influence on these components of  VOC, as had 
been shown in the Kenya user cost survey.
For the control led experiments on fuel consumption and t r a f f i c  
behaviour, data were collected over a three year period. A test  f l e e t  
of  nine vehic les,  ranging from an economy car to a ^0 tonne a r t ic u la te d  
truck, was used in the fuel consumption experiments. In the t r a f f i c  
behaviour experiments, radar meters were used to measure the spot 
speeds of  the vehicle  population.
Gradient and surface condition were found to influence fuel  
consumption s ig n i f ic a n t ly  at  constant speeds. Gradient, surface type,  
surface condition and curvature s ig n i f i c a n t ly  influenced the spot 
speed of vehicles. This represents a very b r i e f  summary o f  the results .
There were, in addit ion ,  various experiments on both the fuel  
consumption and speed of  vehicles.  These included experiments on 
f ree  speed, operating speed, e f fe c t  of accele rat ion ,  night d r iv in g ,  
dust and wet/dry condit ions for  the t r a f f i c  behaviour study. For the 
controlled fuel consumption experiments, studies included t r a v e l l in g  
a t  constant speed, accelerat ing /decelerat ing  and operating tuned and 
untuned vehicles.
A vast amount of l i t e r a t u r e  has been w r i t ten  on the B ra z i l ia n  
study. This included regular three monthly progress reports;  s ix  
Formal Reports which presented the project  methodology, results  and
67
instrumentation in general terms; nineteen Working Documents giving  
fa r  greater  d e ta i l  on the d i f f e r e n t  aspects of  the study, and a great  
number of Project  Technical Reports. Unfortunately the major ity  of  
these papers have been published ‘ in confidence1 and the f in a l  reports,  
containing the results o f  a l l  the experiments have yet to be published 
fo r  the general public.  Consequently i t  is not possible a t  th is  stage 
to compare the f indings of  the Braz i l ian  study with other research on 
vehic le  operating costs.
2 .5  Summary
As has been shown in this chapter,  research has been conducted on 
the various components of vehicle  operating costs using both empirical  
and theoret ica l  approaches.
Detailed theoret ical  approaches to modelling the vehic le  speed 
and fuel consumption incorporate the' law> of  motion. The major i ty  of  
these models include transmission losses of the engine and resistance  
to motion such as a i r ,  gradient and r o l l in g .  These factors require  
a substantial  amount of  detai led information of  an individual vehic le  
and consequently this type of approach is inappropriate for  use in road 
appraisal studies.
The major ity  o f  empirical research, p r io r  to 1970, concentrated 
on quantifying the various VOC components in e i th e r  resource units or  
actual costs applicable  at  the time of the study, with l i t t l e  work 
being conducted in developing countries. As most of  the results  of  
th is empirical work could not be readi ly  applied to the condit ions in 
developing countries, a considerable e f f o r t  has been spent since 1970 
in deriving relationships for  estimating VOC components for  use on low- 
volume rural roads in developing countries.
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The scope and accuracy o f  the results from these VOC studies  
have been l imited by the environment in which they have been conducted. 
In add it ion ,  t h e i r  app l icab i1i ty  to other environments in developing 
countries has been questionable.  Thus the Caribbean VOC study was set  
up to t ry  to widen the scope and accuracy of previous resul ts and 
establish VOC relationships that can be applied more read i ly  to other  
envi ronments.
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3. ROAD GEOMETRY OF THE ST LUCIA STUDY
3.1 Introduction
The data collected during the Kenya study on vehicle  operating  
costs were at that  time the most comprehensive col lected on the subject  
and the relat ionships derived^ represented an important advance in the 
understanding of  the interact ions between the components of  vehic le  
operating costs (VOC) and road and environmental parameters. Neverthe­
less i t  was appreciated a t  an ear ly  stage of the Kenya study that  i t  
would not be possible to c o l lec t  data over the complete range of a l l  
the parameters being investigated and important gaps would remain un­
f i l l e d .  Further research would therefore be required in order to  f i l l  
these gaps.
This chapter out l ines the two-year vehic le  operating cost study 
conducted in the Caribbean to t ry  to extend the range of road and 
environmental condit ions to which the VOC relationships could subse­
quently be applied. As the St. Lucia vehicle  performance study,  
conducted by the author, forms the basis of th is thesis ,  th is  chapter  
concentrates on the set up in St. Lucia. The topography of St. Lucia 
is discussed together with a deta i led descr iption of the various  
instruments used to measure the d i f f e r e n t  road geometric parameters,  
which enabled a wide range of test  sections to be selected fo r  the 
vehic le  speed and fuel consumption experiments.
3.2 The Caribbean vehicle  operating cost study
A two-year vehicle  operating cost study was set up in the 
Caribbean in mid 1977 to invest igate the e f fec ts  of  extremes of  road 
geometry and surface condition on the various components of  veh ic le
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operating costs.  The study was divided into two parts.
A user cost survey was conducted in tour Eastern Caribbean 
islands; Barbados, St. Lucia, St. Vincent and Dominica. This involved 
co l lec t ing  data on a regular basis from operators of f l e e t s  o f  vehicles  
on items such as parts consumption, tyre wear and depreciation o f  the 
vehic les,  and re la t ing  them to the character is t ics  of  the roads over 
which the vehicles were operated.
In p a ra l le l  with this survey, a vehicle  performance study was 
conducted in St. Lucia. This involved carrying out a series of  
experiments to invest igate the factors which af fected the speed of  
vehicles and t h e i r  fuel consumption.
The Caribbean was chosen fo r  th is  VOC study because of the 
topography of the islands. Locating.operators whose vehicles are 
constrained to travel  on predominantly one type of te r ra in  is d i f f i c u l t .  
However, the islands in the Caribbean are small and have a r e l a t i v e l y  
uniform type of t e r ra jn .  For example, Barbados is e s s e n t ia l l y  f l a t  
with few steep gradients,  whereas St. Vincent is a mountainous country 
with roads that are general ly  steep and tw is t ing .  Thus Barbados 
provided data for  the user cost survey on vehicles that operated on a 
f l a t / r o l l i n g  te r ra in  with the other three islands providing data on 
vehicles that  operated on predominantly hi lly/mountainous roads.
3.3 The St.  Lucia vehicle performance study
St.  Lucia, with an area of 617 square ki lometres,  is one of  the 
larger islands in the Windward Islands of the West Indies. Much o f  the 
land is steep or mountainous, with f l a t  land res t r ic ted  to a few 
val leys .  The road network bas ica l ly  consists of coastal main roads with
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feeder roads penetrating the in te r io r  along the r iv e r  va l leys .  The 
c a p i t a l ,  Castries , is si tuated in the north of  the country while  Vieux 
Fort,  the second largest  town, is located in the south together with  
the international  a i r p o r t .  An ordinance survey map, given in Figure
3.1 a t  the back of the thesis,  shows the 'location of the towns and 
v i l la g e s  together with the general topography of the island.
St.  Lucia was chosen for  the vehicle  performance study as i t  not 
only had roads ranging from f l a t  and s t ra igh t  to very steep and twist ing,  
but also the range of the surface condit ion of  these roads was extensive.  
The surface condition ranged from a new premix road constructed in 
1977> to narrow badly pot-holed and broken-bitumen roads. In add it ion ,  
the low t r a f f i c  volumes encountered on these roads ensured that  t r a f f i c  
interactions did not adversely a f fe c t  the observation of  the f re e  speeds 
of vehic les,  nor hinder the test  vehicle^ used in the fuel consumption 
experiments.
The experimental methodology for  measuring vehicle  speed and fuel  
consumption had to be modified to cope with the character is t ics  o f  the 
roads in St. Lucia. Idea l ly  in an experimental study of  th is  nature,  
homogeneous sections of  road with a p a r t ic u la r  geometric c h a ra c te r is t ic  
and of  a reasonable length would be selected in order to iso la te  the 
individual e f fec ts  of pa r t ic u la r  parameters on the var iab le  under study. 
However, a road in a mountainous te r ra in  constantly changes alignment  
over r e la t i v e ly  short distances, and consequently does not permit such 
a strategy.  Thus the modified experimental methodology adopted in St.  
Lucia was to select  su i table  routes, survey them in de ta i l  with respect 
to th e i r  ve r t ic a l  and horizontal al ignments, and select test  sections 
from within  these routes.
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3.3 .1  Selection of test  sections
There were two a l te rn a t iv e  routes l ink ing the north o f  the 
island to the south. The West Coast Road connecting Castries to Vieux 
Fort was a narrow, badly-broken bitumen road with severe gradients  
and extreme curvature. The a l te rn a t iv e  route, the East Coast Road, was 
a wider premix road, with two of  i ts  sections newly constructed in 1977.
The f i r s t  of  the newly constructed sections, designated Section 1 
( S i ) ,  ran across the central  mountain region known as the Barre de L ' I s l e ,  
connecting the East coast with the West coast. I t  was approximately 
11 ki lometres in length, with severe gradients and high degrees of  
curvature. The second of  the newly constructed sections, designated 
Section 2 (S2) , was further  south and ran along the East coast.  I t  was 
almost 20 ki lometres in length, with a road alignment which was not as 
extreme as S1. In between S1 and S2, around the v i l l a g e  of  Dennery, 
was a wide, old bitumen road approximately 5 ki lometres in length.
The main road out of  Castries to the junction of  the East/West
Coast Roads a t  Cul de Sac in the north of  the island,  known lo c a l ly  as
the Morne, was extremely h i l l y  and twis t ing .  In the south of  the island,  
the road connecting Vieux Fort to Laborie ran along the South coast.
The f i r s t  few kilometres of th is  road, at  the Vieux Fort end, were
ess en t ia l ly  f l a t  with low degrees of  curvature.
These six d is t in c t  routes provided the necessary range of  horizontal  
and ve r t ic a l  al ignment,  road surface roughness and road width that  was 
required of  the road test  sections fo r  the vehic le  performance study.
A l i s t  of the six routes together wi th the di stance over which each route 
was surveyed is given in Table 3.1 and shown on a map of  St. Lucia in 
Figure 3*2.
CASTRIES
Cul de Sac
Roseau
Anse la raye
Canaries Dennery
Soufriere
Micoud
Choiseul
Laborie
Vieux Fort
Area of St Lucia 
45kms North — South 
22km s West — East
Routes surveyed
1 Start of the Morne section
2 End of the Morne section
3 Start of East Coast Road (S1)
4 ( End of East Coast Road (S I)
(  Start of Old Bitumen Road
5 (  End of Old Bitumen Road
(  Start of East Coast Road (S2)
6 End of East Coast Road (S2)
7 Start o f Laborie Road section
8 End of Laborie Road section
9 Start of West Coast Road section 
10 End of West Coast Road section
Fig. 3.2 Routes surveyed for the St Lucia vehicle performance study
7k
TABLE 3.1
Routes surveyed fo r  the St.  Lucia vehicle  performance study
Route Distance (metres)
Morne
(Castries) 1975.9
East Coast Road 
(S1) 10948.4
East Coast Road 
(S2) 19673.3
Old Bitumen Road 
(Dennery) 5061.6
Laborie Road 
(Vieux Fort) 1651.4
West Coast Road 
(Roseau) 5790.3
TOTAL 45100.9
The six  routes l is ted  in Table 3.1 were a l l  paved roads. In St.  
Lucia there were a number of  unpaved feeder roads connecting small 
v i l lages  to the main roads. The major ity  of  these unpaved roads were 
too narrow for  vehicles to travel  on a t  th e i r  normal operating speeds. 
They were general ly  short over steep t e r ra in ,  having l i t t l e  or no 
maintenance work carried out on them, thus making them impassable a f t e r  
a heavy downpour. Consequently i t  was not p r a c t ic a l ,  or safe,  to 
locate a range of test  sections on unpaved roads for  e i th e r  the vehic le  
speed or fuel consumption experiments.
A to ta l  of  45.1 ki lometres of  paved roads were surveyed over these 
six routes.. This involved measuring the ve r t ic a l  alignment (g rad ien t ) ,  
the horizontal alignment (curvature) ,  the road width and the surface  
i r r e g u la r i t y  (roughness) of  the road, the l a t t e r  being monitored on a
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regular basis.  The instruments used to measure the gradient ,  curvature,  
road width and distance are discussed in de ta i l  in the fol lowing  
sections of th is  chapter.  Road roughness, being a large and important  
subject,  is discussed separately in Chapter 4 of th is thesis .
The d i f ference in the standard of  the East Coast Road and the 
West Coast Road is i l l u s t r a te d  in Figure 3.3 and the range of  geometric 
condit ions encountered on these roads is i l lu s t r a te d  in Figure 3 .4 .
3.4 Ver t ica l  alignment measurements
Accurate measurements of  the road geometry were required for  a vehic.le 
performance study of  th is nature, as vehicle  speed and fuel consumption 
were monitored over r e l a t i v e l y  short distances. The v e r t ic a l  alignment  
(gradient)  is one of  the more important road parameters, a f fe c t in g  both 
vehicle speed and fuel consumption. Thus a great deal of  care was 
taken in measuring th is  road ch a ra c te r is t ic .  Two instruments were used 
to measure the gradient  for  the Caribbean VOC study; a rod and level  
in the St.  Lucia vehicle  performance study and a Gradumeter fo r  the user 
cGst survey.
All  45 ki lometres of  the six routes selected in St. Lucia were 
surveyed using a rod and leve l .  The h i l l y  te r ra in  meant that spot 
levels had to be taken over short distances on the major i ty  of  the 
routes. Consequently, the frequent leve l l ing  of the instrument pro­
hibited a large distance being surveyed quickly ,  result ing in only 
approximately 3 ki lometres of  road being surveyed in a s ingle day. Al l  
the measurements were conducted along the centre l ine  of the road.
The p r o f i l e  of  each of  the six routes was plot ted using the 
measurements from the rod and level survey and from these p r o f i l e s ,
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Fig 3 .3 (a )  Newly constructed section of  the 
East Coast Road in St .  Lucia
Fig  3 . 3 ( b )  Narrow b roken  b i t umen s e c t i o n  o f  t he  
West Coast  Road in  S t .  Luc i a
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F i g  3 - M a )  A f l a t ,  s t r a i g h t  s e c t i o n  o f  road
Fig 3 . M b )  A h a i r p i n  bend on a s t ee p  road
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sections of  road with a uniform gradient were selected as test  sections.  
A tota l  of 82 test  sections were selected ranging from f l a t  to 14 per 
cent gradients.  The number o f  tes t  sections selected on each route 
together with the range of gradients are given in Table 3 .2 ,  with the 
d e ta i ls  of  the individual test  sections given in Appendix I .
TABLE 3.2  
Range of the test  section gradients
Route No. of test  sections
Gradient (m/km)
mi n max mean standarddeviation
Morne 9 79.0 140J 100.5 22.6
East Coast Road (S1) 26 0.8 125.9 72.8 38.1
East Coast Road (S2) 25 1.1 115.2 56.6 34.8
Old Bitumen Road 8 63.5 135.2 97.8 28.0
Laborie Road A 1.2 5.1 2.7 1.8
West Coast Road 10 0 113.6 66,3 41.3
TOTAL 82 0 140.1 69.0 39.8
On a route such as the Morne, the gradient is u n i -d i rec t iona l  i . e .  
a l l  uph i l l  when t ra v e l l in g  in one d i rec t ion  and a l l  downhill in the 
opposite d i rec t io n .  Thus i t  was possible to incorporate the whole 
surveyed distance of  1975.9 metres on the Morne into the 9 test  
sections. However, on a route such as the East Coast Road, both posi ­
t iv e  and negative gradients existed when t ra v e l l in g  in one d i re c t io n .
In order to minimise the number of var iables in a test  section, only  
those of a uniform gradient were selected, with the length of  road 
where the gradient changed from posit ive to negative, or v ice -versa ,  
not being included as test  sections.
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To avoid vehicles being af fected by the character is t ics  of  the 
previous test  section, a ' r u n - i n 1 and a 'run-out'  were l e f t  p r io r  to 
the s t a r t  and a f t e r  the end of these types of test  sections. These 
' ru n - in s '  and 'run-outs'  surrounding a test  section were of a 
s im i la r  gradient  to the test  section i t s e l f ,  thus ensuring that  vehicles  
operating on i t  were af fected by the character is t ics  of  only that  test  
section. Of the to ta l  of  45 ki lometres of road surveyed, 27- ki lometres  
were selected as sui table  fo r  the vehicle performance study. A compar­
ison of  the length of  each route surveyed with the cumulative distance  
of the test  sections selected on that route is given in Table 3.3.
TABLE 3.3
Length of routes and cumulative distance of test  sections
Route
Length of  
route 
(metres)
Cumulative 
distance of  
test  sections 
(metres)
Proportion 
selected for  
tes t  sections 
{%)
Morne 1975.9 1975.9 100
East Coast Road (Si) 10948.4 7279.1 66
East Coast Road (S2) 19673.3 9973.5 51
Old Bi tumen Road 506.1.6 1690.7 33
Laborie Road 1651.4 1651.4 100
West Coast Road 5790.3 4440.3 77
TOTAL 45100.9 27010.9 60
3.4 .1  The Gradometer
The v e r t ic a l  alignment of the roads used in the Caribbean vehic le  
operating cost study was also measured using an instrument, designed 
and constructed at  the TRRL,called the Gradometer. The Gradometer was 
mainly used in the user cost survey where several hundreds of  ki lometres
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of roads had to be surveyed in four islands. For the user cost survey, 
the average r ise  and f a l l  of a route or a road network in a p a r t ic u la r  
area was required, whereas in the St.  Lucia vehic le  performance study 
precise p r o f i l e  heights over r e l a t i v e l y  short distances were needed.
As the Gradometer measured the ve r t ic a l  alignment a t  20 metre 
in te rvals  along the road, several of the 82 test  sections selected for  
the vehicle  performance study could not be accurately surveyed with the 
Gradometer, since they were unavoidably short in length. For example, 
test section No. 13 could only be 89.1 metres in length, as i t  encom­
passed a h a i r -p in  bend (see Appendix I ) .  Thus the rod and level tech­
nique was used to measure the gradient fo r  th is study because of i ts  
greater accuracy.
The usual method of studying the v e r t ic a l  alignment of  a road is 
by preparing a longitudinal p r o f i l e .  This is done by p lo t t in g  the 
a l t i t u d e  (h) against the hor izontal project ion of  the road length (p) . 
However i t  is more convenient to p lot  the*, length along the road (z )  
rather than the horizontal distance p. The er ror  introduced by this  
approximation is very small even on steep gradients.  Thus i f  the 
distance along the road from a f ixed point C is known and 0 the angle 
of the gradient at  the point 0 is measured, the height h is given by 
the equation h = Z sin 0.
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I f  constant values of  £ are used, then the angle of  gradient  
measured could be represented d i r e c t ly  in height on an instrument 
instead of  as an angular movement. This p r inc ip le  was adopted in the 
Gradometer which is shown in Figure 3 .5 .
The Gradometer is a vehic le  mounted instrument used to measure 
posit ive  and negative gradients while the vehicle  is in motion. I t  
consists of a heavily weighted pendulum f i t t e d  on a stout frame, the 
pendulum bei ng adequately damped with the aid o f  a si 1i c o n - f i l i e d ,  
sealed rotary-damping, u n i t .  The damping un i t  incorporates dead-beat  
action valves which prevent spurious movement of the pendulum through 
v ib ra t io n ,  shock and vehicle  accelerat ion and decelera tion.  As the 
vehic le  traverses a gradient ,  the axia l  movement of  the pivoted pendu­
lum arm tracks across an arc of  an e le c t r ic a l l y e n e r g is e d  p la te ,  
accurately etched into segments representing discrete increments of  
0.2 metres ve r t ic a l  change in the road p r o f i l e .
The measurements of  v e r t ic a l  alignment are made at  20 metre i n t e r ­
vals  by a distance switch, operated by-the veh ic le 's  transmission,  
t r iggering an e lec t ron ic  c i r c u i t  which responds to the p a r t ic u la r  
segment under the contact arm of the pendulum. Thus a 0° ax ia l  
movement of the pendulum arm is represented by 0.2 metre r is e  or f a l l  
segment on the energised contact p la te .
0.2m
M -  = 0.01esin
6 = 0 °3 4 <
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Fig 3 .5 ( a )  F ro n t  v iew  o f  the  Gradometer  showing the  
e ne rg ise d  p l a t e  and c o n t a c t  arm
Fig 3 .5 ( b )  Side v iew  o f  the  Gradometer  showing the  
pendulum and the  damping u n i t  a t  the rea r
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Each segment on the energised contact p late  represents the gradient  
in uni ts of one per cent, since 0.2 m ve r t ic a l  movement over 20 metres 
along the road is equivalent to 10 metres per ki lometre.  The energised 
plate  is divided into 36 segments; 18 segments for  pos it ive  gradients  
and 18 segments for  negative gradients.  Thus gradients upto 18 per 
cent can be registered by the contact arm.
The contact arm is set to the zero posit ion when the vehic le  is 
stat ionary  on a level surface by slackening the knurled switch 
adjusting screw. An extra contact arrangement on the wiper arm allows 
sensing of the d irect ion  of  gradient .  The e lec t ron ic  c i r c u i t ,  which 
senses the posit ion of the contact arm on the energised p la te ,  pulses 
the required number of e le c t r ic a l  impulses for  that posit ion on to 
electromagnetic d ig i t a l  counters. The d ig i t a l  counters record the 
cumulative r ise or f a l l  on separate displays in units of 0.2  metres 
every 20 metres ( i . e .  units of one per cent grade).
A diagrammatical representation of  the Gradometer is given in 
Figure 3*6,  The angle between the contact arm and the pendulum arm 
does not remain at  90° as shown in Figure 3 .6 ,  except on f l a t  ground.
The arrows showing the movement of  the contact arm and the pendulum 
indicate that the angle at the pivot is less than 90° on downhill 
gradients and greater than 90°  on uphi l l  gradients.
The main advantage of  using the Gradometer to measure the gradient  
of a road is the speed with which a large ki lometrage can be sur­
veyed. At speeds of approximately 30 km/h i t  is possible to cover 
between 150 and 200 ki lometres in one day. As i t  is operated from the 
12v D.C. car bat tery ,  i t  requires no external power supply. However,
Sk
Direction of travel
< r
Electrically energised plate
Contact arm movement 
Positive gradients
18 segments for 
positive gradients
Contact arm
Knurled switch 
adjusting screw ( ■
Pivot
18 segments for 
negative gradients
Contact arm movement 
Negative gradients
; Pendulum
Pendulum f 
movement \
-£> Positive gradients 
—  Negative gradients
Fig. 3.6 Diagrammatical representation of the Gradometer
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i t  records the gradient  only a t  d iscrete points and i ts  readings can 
be af fected by undue movement of the car.
The.accuracy of the Gradometer was tested when i t  was used to 
survey the road network of St. Lucia f o r  the user cost study. The car 
f i t t e d  with the Gradometer was driven over the two routes of  the East 
Coast Road (S1 and S2) and the output from the Gradometer compared 
with that  of the rod and level survey. Several repeat runs were made 
by the Gradometer to ensure that  the readings recorded on the counters 
were caused by the gradient of the road and not by the v e h ic le 's  
acceleration or deceleration.  Any spurious readings were el iminated  
and the average of the other runs used for  comparison with the rod and 
level re s u l ts .
Although the en t i re  lengths of the two East Coast Road routes were 
not used for  test  sections in the vehicle  performance study, the to ta l  
r ise  and the tota l  f a l l  were recorded during the rod and level survey. 
These to ta ls  for  the two routes are compared with the to ta ls  from the. 
Gradometer in Table 3*A.
The f igures in Table 3*A indicated that the gradients,  using the 
two techniques, were very s im i la r  with the maximum d i f ference being 
only A per cent. The to ta l  length of S1 and S2 was approximately 30 
kilometres over'a f a i r l y  severe te r ra in .  Using a rod and level to sur­
vey both these routes took approximately 10 working days, as the 
gradients were steep, whereas the Gradometer took ha l f  a day to survey 
the same length, making several repeat runs to check for  consistency.  
Thus the Gradometer was shown to be an accurate and quick method of  
measuring gradient,  being p a r t ic u la r ly  useful fo r  the user cost survey.
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TABLE 3 A
Comparison of Gradometer with rod and level
Gradient
East Coast Road (S1) East Coast Road (S2)
Rod and 
level Gradometer
Per cent 
d i f ference
Rod and 
level Gradometer
Per cent 
d i f ference
Rise (RS) 
(metres) 276 A 28**.2 2.8 **00.6 392.2 -2 .1
Fall  (F) 
(metres) 327.2 321 - 1 .8 **75.** **56.2 -**.0
Total(RS+F) 
(metres) 603.6 605.6 0.3 876.0 8*t8.** -3 .2
l Average 
gradient  
(m/km)
55.1 55.3 0.0*t ****.5 **3.1 -3.1
3*5  Horizontal alignment measurements
Another important road cha ra c te r is t ic  that  was measured fo r  the 
St. Lucia vehicle  performance study was horizontal al ignment, more 
commonly referred to as the curvature of  a road. The hor izontal  layout  
of a road may be defined as a series o f  s t ra ig h t  l ines connected by a 
series of curves. The horizontal curves are arcs of  a c i r c l e  meeting 
the stra ights  which they connect tangen t ia l ly .  They are normally 
specif ied e i th e r  by radius or by degree of curvature.
The main components of a curve in a road are i l l u s t r a te d  in Figure 
3.7 and defined below:-
( i )  Simple curve -  A c i rcu la r  arc,  of radius R, jo in ing two stra ights  
( tangents) , AP and BQ.
( i i )  Tangent points -  The two points at  which the curve begins and 
f in ishes (points A and B) . The s t a r t  of the curve, point  A,
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is ca l led the TC (tangent to curve) . The end of the curve, 
point B, is called the CT (curve to tangent).
( i i i )  Degree o f  curvature (D) -  The angle subtended at  the centre (0) 
by a chord of  100 f t  (NOT by an arc of  100 f t ) .
( tv )  Intersection point ( IP) -  The point I a t  which the tangents
would in tersect  i f  produced.
(v) Intersection angle (0) -  The angle of deviation between the
tangents (STb) .
(v i )  Tangent length (T) -  The distance from the intersect ion point  
( I ) to e i th e r  tangent point ( IA and IB ) .
( v i i )  Central angle (6) -  The angle at  the centre included between the
A
rad i i  which pass through the tangent points (AOB). I t  is 
equal to the intersect ion angle.
The major ity  of these terms are used in the design and construction  
of a road. In describing the horizontal alignment of a road fo r  
vehicle  operating costs,  the cumulative number of degrees a road bends 
over a given distance is usually used. In a VOC study, the road net ­
work of a large area, or even an e n t i re  country,  could be under 
invest igat ion.  Consequently i t  is not feas ib le  to define every curve 
as they a l l  tend to be d i f f e r e n t .  Thus the to ta l  number of  degrees of  
curvature in each test  section was measured in the St.  Lucia study and 
expressed in terms of degrees per ki lometre.
There are several methods of measuring the horizontal alignment 
of a road in terms of  the to ta l  number of degrees along i ts  length. A 
crude and approximate method would be to gather the information from 
large scale maps. A more accurate but laborious method would be to 
measure the number of degrees in each bend of the road using a hand-
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Fig. 3.7 Curvature of a road
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held compass. This involves taking a heading on each s t ra ig h t  section  
of road and di f ferencing the readings between two adjacent sections.  
Another accurate device that could be used is a theodol i te ,  but th is  
technique would also be a time consuming operation.
The curvature of the tes t  sections in St.  Lucia was measured with  
an instrument cal led a Gyrocompass.
3.5.1 The Gyrocompass
The Gyrocompass consists ess en t ia l ly  of a Sperry Gyroscope 
Gyrosyn Compass that has been adapted fo r  the purpose of measuring 
horizontal curvature at  the TRRL. This instrument is housed in a 
strong aluminium die -cast  box (which also includes the d i g i t a l  counters 
for the Gradometer), as shown in Figure 3 .8 ,  and is mounted in a vehicle .  
The number of degrees turned through by the vehic le  as i t  traverses the 
road is sensed by the Gyrocompass and recorded on displays inside the 
vehicle .
The 12 vol ts  D.C. power supply from the car battery is fed into  
an inverter  which converts this power into the 3 phase, 115 v o l ts ,
A00 Hz supply required to dr ive the Gyrocompass. A Gyrocompass 
Angular Movement Measuring System (GAMMS) converts the synchro output  
from the compass to Binary Coded Decimal (BCD). The BCD signal drives  
the d ig i t a l  counter c i r c u i ts  inside the GAMMS box and the counts are 
displayed inside the vehic le .  This display shows the summation of  
degrees turned through with a resolution of ± 1°. The processing 
equipment ( inver te r  and GAMMS box) are located in the rear of a 
vehic le  as shown in Figure 3*8.  A diagrammatic representation of  th is  
horizontal curvature measuring system is shown in Figure 3 .9 .
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  — --------------
F ig  3 . 8 (a) Gyrocompass housed in an a lumin ium d i e - c a s t  box
Fig 3 .8 (b )  I n v e r t e r  and GAMMS box used to  
power the Gyrocompass
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Fig. 3.9 Diagrammatical representation of the Gyrocompass 
measuring system
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The 82 test  sections had been selected a f t e r  measuring the 
gradient .  The horizontal curvature of  each test  section was then 
measured with the Gyrocompass. Several repeat runs were made over 
each section, any spurious readings el iminated, and the mean o f  the 
other runs ca lculated.  The mean number of degrees of curvature in 
each section together with the curvature in degrees per ki lometre  are 
l is ted  in Appendix I .  The range o f  curvatures on the six main routes 
are given in Table 3 .5 .
TABLE 3.5
Range of curvature of the tes t  sections
Route No. of test  sections
Curvature (degrees/km)
min max mean standarddev iat ion
Horne 9 . 211 103^ 480 273
East Coast Road (Si) 26 0 1685
L
A
OL
A
. 407
East Coast Road (S2) 25 0 978 196 205
Old Bitumen Road 8 139 565 360 172
•
Laborie Road V 0 317 96 151
West Coast Road 10 0 1147 631 477
TOTAL 82 0 1685 389 357
A matrix of the 82 test  sections broken down into broad bands of  
horizontal and v e r t ic a l  alignments is given in Table 3*6.
Generally f l a t  sections of  road have l i t t l e  or no curvature , where­
as mountainous roads tend to have high degrees of  curvature. Although 
th is  is borne out by the f igures in Table 3 .6 ,  a number of  sections  
that were f l a t  and twisty  or steep with a small degree of curvature  
have been iden t i f ie d  and selected for  the veh ic le  performance study.
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TABLE 3.6
Number of test  sections in categories of  hor izontal and
ve r t ic a l  alignment
Gradient 
(per cent)
Curvature (degrees/km)
TOTALLow
<100
Med i urn
100 -  500
High
>500
Fla t
<1.0 10 3 0 13
Low
1.0  -  3.9 2 5 1 8
Med i urn
*f.O -  6.9
0j 11 2 16
High
7.0 -  9.9 k 8 12 2 k
Mountainous
^100 1 12 8 2.1
TOTAL 20 39 23 82
3.6 Distance measurements
The length of a road can be measured in several ways. They 
include methods such as using a pedometer, reading the distance from 
the odometer of a vehicle or using large scale maps. The major ity  of  
these methods tend to be r e la t i v e ly  inaccurate,  p a r t ic u la r l y  over 
short distances.
The lengths of  the test  sections in St.  Lucia were measured
accurately using a 50 metre tape measure along the centre l ine  of  the
road during the ve r t ic a l  alignment measurements with the rod and leve l .  
This level of accuracy was not required for  the user cost survey where 
hundreds of ki lometres of road had to be surveyed. A dynamic method
of measuring the distance had to be used for  th is  survey.
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As mentioned in section 3*^.1 the Gradometer was activated by a 
pulse a t  d iscrete  20 metre intervals  along the road in recording the 
gradient .  A distance pulse generator was developed at  the TRRL to pro­
vide the necessary pulses. A cable from the distance pulse generator  
was tapped into the gearbox of  a vehic le  which caused a c i rc u la r  disc  
in the pulse generator to rotate  when the vehic le  was in motion. A 
l ig h t  emitt ing diode was used to sense the rotation of  th is disc through 
minute holes in the disc.  For technical reasons concerned with the 
odometer-drive gear rat ios of  the veh ic le ,  10 pulses were sensed fo r  
every one metre movement of the veh ic le .  This signal was put through
a 'bu f fe r  and d iv ide '  c i r c u i t  board which sent a 1:1 r a t io  signal
through the counter c i r c u i ts  in the GAMMS box and a 1:200 r a t io  signal  
to pulse the Gradometer. The signal sent to the GAMMS box was displayed,  
in units of 0.1 metre, on the same display uni t  as the curvature from the 
Gyrocompass. The signal sent to the Gradometer was displayed, in units  
of 20 metres, on electromagnetic counters in a separate read-out uni t  
containing the rise and f a l l  from the Gradometer.
A diagrammatic representation of the distance pulse generating 
system is given in Figure 3-10-
3.7 Road width measurements
Several methods of measuring the width of  a road dynamically have 
been developed. One such method makes use of sight ing bars or known 
projections through scales observed across the windscreen of  a veh ic le .  
The accuracy of this method depends on the e f f i c ie n c y  of  the human eye 
in noting markings or sighting while the object  to be measured is not 
in a s t a t ic  posit ion re la t iv e  to the observer; i t  can thus be an 
unrel iab le  method.
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Fig. 3.10 Diagrammatical representation of the distance pulse 
generator measuring system
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Another method that  has been used to measure road width is 
through photographic means. This involves mounting a cine camera 
inside a vehic le  and photographing the road through the windscreen of  
the veh ic le .  By project ing the result ing cine frame on to a screen, 
the width of the road can be determined by the use of accurately  
cal ibrated scales. A drawback with th is  method of  estimating road 
width is that the photographic frame w i l l  give an undistorted head-on 
view of the road only when the survey vehicle  is proceeding on a 
s tra igh t  path on the road. By taking a large number of frames per 
kilometre of road, a reasonably accurate road width may be calculated.
An advantage of this method is that i l l -d e f in e d  road widths can
be studied more intensely and ca re fu l ly  on project ion and more
acceptable decisions taken than when an a r b i t r a r y  decision has to be 
taken under actual f i e l d  condit ions. The photographic method of  
estimating road widths is appropriate to use i f  many miles of  road are 
being examined for  road inventory purposes, but i t  is more convenient 
to measure che road width with a tape measure i f  the length of  road to
be surveyed is r e l a t i v e l y  short.
For the test  sections selected in the St.  Lucia study, the road 
width was measured using a tape measure. The widths of the s ix  routes 
surveyed were general ly  homogeneous over th e i r  lengths, thus there was 
no need to sample at  short in te rva ls .  Of these six routes, only the 
width of the West Coast Road varied s ig n i f ic a n t ly  along i ts  surveyed 
route. The widths of the s ix  routes are given in Table 3 .7 .
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TABLE 3.7  
Road widths of the test  sections
Route SectionNumbers
Road Width 
(metres)
Morne 1 - 9 6.0
East Coast Road (S1) 10 -  35 7.5
East Coast Road (S2) 36 -  60 7.5
Old Bi tumen Road 61 -  68 8.5
Laborie Road 69 -  72 6.5
West Coast Road 73 76 * .3
it 77 -  78 5.0
n 79 -  80 k . 6
11 81 - 82 b-3
3.8 The instrumented survey vehic le
The road charac te r is t ics ,  gradient ,  curvature and distance were 
a l l  measured dynamically for  the Caribbean VOC study using instruments 
described in the previous sections of this chapter.  These instruments,  
the Gradometer, the Gyrocompass and the distance pulse generator, were 
f i t t e d  into a survey vehic le .  The Gradometer and the Gyrocompass were 
mounted on the rear seat of the vehic le  together with the read-cut  
units as shown in Figure 3.11•
The instrumented vehic le  was driven at  a steady speed of about 30 
km/h in order to minimise the e f fe c t  of the veh ic le 's  acce lerat ion  and 
decelerat ion on the pendulum of the Gradometer. In pract ice i t  was 
found that with experience the dr iver  was able to drive the vehic le  
smoothly along the road a f t e r  a t ta in ing  a running speed of around 
30 km/h. Measurements were only made when the vehicle had reached 
this steady operating speed.
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F ig  3.11 In s t ru m e n te d  s u rv e y  v e h i c l e
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I t  was also important that  the vehicle followed the l in e  o f  the 
road in order that  the true curvature of the road was recorded by the 
Gyrocompass. Angular movements of the vehic le  caused by avoiding  
obstructions, such as parked vehic les,  were disregarded.
An observer sat next to the equipment on the rear seat and recorded 
the readings from the various displays. Two sets of electromagnetic  
d ig i t a l  counters and displays had been insta l led  to enable consecutive 
sections of road to be monitored. The observer f l icked  the two-way 
switch at  the end of  a section of road, which ' f r o z e 1 the counts on one 
set of displays and star ted the counts on the.other set fo r  the next 
section. The ' f rozen '  set of  readings were then transcribed onto data 
sheets and the displays reset to zero in readiness for  the fol  lowing section,
A diagrammatical representation of the measuring systems mounted 
over the rear seat of the vehicle  is given in Figure 3 .12.  The 
displays labelled Distance 1 recorded the distance from the pulse 
generator in units of  0.1 metre and the d ig i t a l  counters label led  
Distance 2 recorded the distance in units of 20 metres. The cumulative 
r ise  and f a l l  were recorded separately on the d ig i t a l  counters 
situated next to the Gyrocompass in units of one per cent grade. The 
curvature was recorded on two sets of displays in units of one degree. 
The two sets of displays enabled the curvature of each individual  
section to be monitored on the angular movement display in add it ion  to 
the cumulative curvature over an en t i re  route on the to ta l  angular  
movement display.
The measuring systems mounted in the survey vehicle proved to be 
robust and accurate for  the needs of the Caribbean VOC study. Not 
only was the vehicle  used to carry out a road inventory in St.  Lucia,
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but i t  was also shipped to the other islands encompassed in the road 
user cost survey (St.  Vincent,  Dominica, and Barbados). Af te r  each 
v i s i t  to one of  these three islands, the survey vehic le  was shipped 
back to St.  Lucia to c a l ib r a te  a roughness measuring device that  was 
f i t t e d  over the rear axle (see Chapter k ) . The opportunity was taken 
to tes t  the road inventory measuring instruments by running the vehic le  
over known sections of road. These tests showed that the Gradometer, 
Gyrocompass and the distance measuring device were robust and accurate 
instruments that  could be used repeatedly over a large ki lometrage.
In urban areas and on roads with a high f low of t r a f f i c ,  as is 
normally encountered in developed countr ies, th is measuring system 
would be l ia b le  to produce inaccurate resul ts .  In these condit ions 
the vehicle  would invariably  have to weave in and out of  t r a f f i c ,  
result ing in the Gyrocompass not giving the true curvature of the road. 
In addit ion the dr iver  would have d i f f i c u l t y  in propell ing the vehic le  
smoothly without having to brake repeatedly,  which would resu l t  in 
untrue readings from the Gradometer. Thus this system is an appropriate  
method of  conducting a road inventory on 1ow-volume, rural  roads, such 
as those generally  encountered in developing countries.
3 . 9  Summary
I t  has been shown in previous studies, such as the Kenya VOC study,  
that  grad ient , curvature arid width of road have a considerable e f f e c t  on 
vehicle  operating Costs. In this chapter the author has discussed the 
road geometric conditions encountered in the St. Lucia study, together  
with the d i f f e r e n t  methods used to measure these ch a ra c te r is t ic s .
A rod and level technique was used to accurately measure the 
ver t ic a l  alignment of the tes t  sections used fo r  the veh ic le  speed and
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fuel consumption experiments. Test sections ranging from f l a t  to 1*r 
per cent grades were selected. Several of these test  sections were 
used to test  the accuracy of the Gradometer, which was used in the 
road user cost survey.
The curvature of  the’ test  sections was measured using a Gyrocompass 
and sections ranging from s t ra ig h t  to over 1600 degrees/km were selected.  
The Gyrocompass together with the Gradometer and a distance measuring 
system were f i t t e d  into a vehicle  and used to carry out a road inventory 
of the four islands encompassed by the road user cost survey. This 
system was shown to be robust, accurate and appropriate for  use on low- 
volume, rural  roads in developing countries.
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4. ROAD ROUGHNESS MEASUREMENTS
4,1 Introduction
Vehicle operating costs are s ig n i f i c a n t ly  af fected by the q u a l i ty  
of the road surface. This qua l i ty  is commonly referred to in the UK 
as surface i r r e g u la r i t y  or road roughness/unevenness. In other parts  
of the Western World i t  is called pavement smoothness or pavement 
s e r v ic e a b i l i t y .  The North Americans ta lk  of r id ing comfort and eva l ­
uate the ' r id ing  q u a l i ty '  of the road, while others re fe r  to road 
p r o f i l e .  Consequently road roughness is not read i ly  described or  
defined un iversa l ly .
Road roughness has been defined as a phenomenon present in a
road surface which is experienced by the operator and passengers of
any vehicle  t ra v e l l in g  over that surface. I t  is a function of  the
road surface p r o f i l e  and certa in  parameters of the vehicle  including
tyres,  suspension, body mounts, seats,  e t c . ,  as well  as the s e n s i t i v -
44i t i e s  of the passenger to accelerat ion and speed . A v a r ia t io n  of  
e i th e r  the road p r o f i l e ,  the vehic le  character is t ics  or the vehic le  
speed can make a rough road appear smooth or vice versa.
In the developed world the major concern is the ride comfort as 
experienced by a passenger in a veh ic le ,  whereas in developing countries  
the greater  need is for the provision of more roads to help develop an 
area. Thus when evaluating vehicle  operating costs in developing 
countries, the e f fe c t  of road roughness on vehicles is assessed, with  
the 'comfort ' to vehicles being more important than the comfort to 
passengers. Small deformations, such as pot-holes on a broken- 
bitumen road or corrugations on a gravel road, have a greater  e f fe c t
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on the wear and tear  of a vehicle  than long waveform deformations.  
Consequently a greater  emphasis is placed on the measurement o f  the 
small deformations than on the long waveforms in a road when quanti ­
fying vehic le  operating costs in developing countries.
This chapter reviews some of the devices used for  measuring road 
roughness in various parts of the world.  The instruments used by the 
author in the St. Lucia vehicle  performance study are discussed in 
d e t a i l ,  as is the progress being made in standardising roughness 
measurements throughout the world,  in which the author is current ly  
involved at  the TRRL.
k . 2 Road roughness measuring instruments
Many measuring techniques have been devised and used fo r  measuring 
road roughness. Most of these techniques involve using instruments 
e i th e r  mounted inside a vehicle  or towed by a vehicle  a t  constant 
speeds.
Basical ly  there are two ways of determining the road roughness:
( i )  mechanical in tegrat ion ,  ( i i )  mathematical in tegration or ana lys is .  
The f i r s t  method is more common, where an instrument or device is used 
to mechanically f i l t e r  and summarise the data in a specif ied way.
The second method involves recording the p r o f i l e  and then analysing 
and/or integrating this p r o f i l e  mathematically with  some standard 
mathematical procedure.
Most roughness measuring instruments are designed and b u i l t  by 
research ins t i tu tes  in the developed world and thus tend to be sophis­
t icated and expensive, p a r t ic u la r l y  the p r o f i l e  analysing devices.
The TRRL has developed such an instrument ca l led a high-speed
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b 5 b 6profi lometer based on contactless displacement transducers . By
using an ‘ on-board1 computer i t  is capable of measuring longi tudinal
p r o f i l e  features from 0.2 metres to 100 metres or more in length a t
speeds up to 80 km/h and the accuracy of these measurements have been 
b levaluated . Other sophisticated p r o f i l e  analysing instruments have
bSbeen developed, such as the GMR Profi lometer used in the United
b3States of America and the Longitudinal P r o f i le  Analyser (APL) used 
in France, both incorporating 'on-board' computers to analyse the 
p r o f i l e s .  As each device analyses the p r o f i l e  in a d i f f e r e n t  manner 
and has a d i f f e r e n t  index scale of the surface i r r e g u la r i t y ,  i t  is 
impossible to re la te  the roughness measured by one instrument to the 
roughness measured by another.
These instruments are not af fected by the character is t ics  of the 
towing vehicle and are ess en t ia l ly  research tools used in the developed 
world. Consequently they are usually used on surfaces of  a f a i r l y  good 
qu a l i ty ,  such as motorways or on a i rp o r t  runways where the long wave­
form deformations are important. As they are designed to operate on 
r e la t i v e ly  smooth surfaces, they are unsuitable for  developing countries,  
where pot-holed or corrugated roads are not uncommon. In add i t ion ,  in 
developing countries the lack of spare parts and trained personnel to 
operate and maintain the computers, tends to make the use of th is  sort  
of sophisticated equipment inappropriate.
Thus in developing countries the simpler,  mechanical in tegrat ion  
type of instrument is more commonly used fo r  measuring road roughness. 
These instruments can be divided into two basic categories:
( i )  instruments which are independent of the charac te r is t ics  of  the 
vehicle  being used to carry out the measurements
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( i i )  response-type road roughness measuring (RTRRM) systems which 
are usually mounted inside a vehicle  and measure the response 
of  that p a r t ic u la r  vehic le  as i t  traverses a road.
O Q  C Q
The f i r s t  category includes the f i f t h  wheel bump in tegrator  \  ,
51 52the BPR roughometer and the CHLOE Profi lometer . These instruments
are towed by a vehicle  at  a constant speed and mechanically measure
the movement of the t r a i l e r  caused by.the surface i r r e g u la r i t y  of the
road.
The RTRRM systems are usually mounted inside a vehic le  over the 
rear axle and measure the response of the chassis of the vehic le  
r e la t iv e  to the rear axle as the vehicle  traverses the road a t  a 
constant speed. They are highly dependent on the individual suspension 
character is t ics  of the vehicle  and the measure of roughness is unique
to that  p a r t ic u la r  vehic le .  The most commonly used instruments in this
53 5 hcategory include the Mays Ride Meter , the NAASRA meter , the PCA
55Roadmeter and the in tegrator  unit  s im i lar  to the one used on the 
towed f i f t h  wheel bump in tegrator .  These instruments need to be 
regular ly  ca l ibrated and checked as certa in  character is t ics  of  the 
vehic le ,  such as tyres,  shock absorbers and springs, may change over a 
period of time, producing var iat ions in the roughness readings for  the 
same level of road roughness.
In UK the mechanical integration type of instrument used fo r  
measuring road roughness is the towed f i f t h  wheel bump in tegrator  and 
i t  was this instrument that was provided by TRRL for  monitoring the 
surface condit ion of the roads in the Caribbean VOC study, together  
with integrator units to be f i t t e d  over the rear axle of  veh ic les .
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4.3  Towed f i f t h  wheel bump integrator
The towed f i f t h  wheel bump in tegrator  (Bl) is i l l u s t r a te d  in 
Figure 4.1 and a diagrammatic arrangement of the apparatus is shown in 
Figure 4 .2 ,  The equipment consists ess e n t ia l ly  of a single-wheeled  
t r a i l e r  comprising a rectangular frame w ith in  which a pneumatic-tyred  
wheel is mounted. The wheel, enclosed by a mudguard, supports the 
chassis through two single leaf springs, one on each side of the wheel.  
The springs are anchored to the f ron t  end and shackled to the rear end 
of the frame through bal l  bearing f ix tu re s .  Two members attached to 
the sides of the chassis at  the forward end form a tongue which carr ies  
a hitch for connection to the towing vehic le .  A frame over the wheel 
forms an anchorage for  the piston rods of two dashpots which provide  
damping fo r  the suspension. A moulded load counterweight is secured 
to the forward end of the chassis. I ts  mass is such as to render the 
centre of percussion of the chassis, with respect to the towing hi tch  
coincident with the posit ion of the wheel ax le  so that the act ion of  
the apparatus is independent of any v e r t ic a l  motion of the body of the 
towing vehic le .
An in tegrator  unit  is mounted on one side of the chassis and 
detects the to ta l  downward movement of the wheel axle r e l a t i v e  to the 
chassis.  The axle is connected by a cord to the cy l in d r ic a l  drum of  
the in tegrator  un i t ,  tension in the cord being maintained by a return  
spring inside the drum. The drum is attached to a shaft  operating a 
six lobed cam, through two opposing wedging-ball clutches. The cam 
closes a pair  of contacts once fo r  each inch of integrated downward 
movement of the wheel, the accumulated number of inches being recorded 
on an electro-magnetic counter.  Although the downward movement is
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Fig 4.1 Towed f i f t h  wheel bump in tegra to r
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recorded in units of one inch, the clutches in e f fe c t  permit a l l  the 
minute movements as well  as the large movements of the axle  r e la t i v e  
to the chassis to be transmitted to the cam. The electro-magnetic  
counter thus records any movement of the axle .  Adiagrammatic arrange­
ment of the in tegrator  unit  is given in Figure h . 3 .
Measurements are taken with the towed f i f t h  wheel B1 at  a steady 
speed of 32 km/h (20 mph), with the tyre in f la ted  to a pressure of  2 .0 /  
bar (30 p . s . i . )  and the f lu id  (an equal mixture of  pa ra f f in  and clavus 
o i l )  in the two dashpots a t  a specif ied leve l .  The to ta l  downward 
movement of the f i f t h  wheel r e la t iv e  to the chassis is then recorded on 
the electro-magnetic counters in inches over a known length o f  road and 
specif ied as the roughness of the road in mm/km.
All  f i f t h  wheel Bl 's are manufactured to r ig id  specif icat ions thus 
enabling them to be used as a standard instrument for  measuring road 
roughness. I t  is possible to check whether a f i f t h  wheel Bl is w i th in  
spec if ica t ion  by performing a 'drop' test  or by running the Bl over a 
ca l ib ra t io n  tes t  track.
*1. 3 .1 ' Drop* test  c a l ib ra t ion  procedure
To define the important resonant response of the chass is - lea f  spring  
and dashpot system i t  is s u f f ic ie n t  to know the system's resonant f r e ­
quency and damping fac tor .  Machines having the same resonant frequency 
and damping fa c to r ,  w i l l ,  when operated at  the constant speed, produce
the same resonant response to a given road p r o f i l e .  A 'drop' tes t  has
56been developed at  the TRRL to determine the resonant frequency and 
damping factor  of the chassis-leaf  spring-dashpot system. In the te s t ,  
the chassis is displaced from i ts  rest posit ion v e r t i c a l l y  through 35 mm
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by means of a hoist  attached to the chassis frame d i r e c t ly  above the 
wheel ax le ,  as shown in Figure *4.A. When the f i f t h  wheel BI is suddenly 
dropped from the ho is t ,  a 1 inear transducer f ixed ve r t ic a l  ly between the 
wheel axle and the cross member of the chassis senses the displacement 
of the axle r e la t iv e  to the chassis. The transducer movement is recorded 
onto a graph. A typical  p lot  obtained from a 'drop' test  is shown in 
Figure *4.5. The resonant frequency and damping factor  are calculated  
from the o s c i l la to r y  trace in the manner shown in Figure *4.5.
Because the integrator  un i t  a f fec ts  the damping of the r e la t i v e  
movement between the axle and the chassis,  the 'drop1 test  is f i r s t  
performed with the unit  disconnected and then repeated with the un i t  
connected to the wheel axle.  The resonant frequency and damping factor  
values together with tolerances derived from tests on the f i f t h  wheel 
Bl are given in Table *4.1.
TABLE *1.1
'Drop' test  c a l ib ra t ion  requirements for  f i f t h  wheel Bl
Resonant
frequency
Dampi ng 
factor
Integrator  unit  
d i sconnected 2.1 ± 0.1 Hz 2.0 ± 0.15
Integrator  unit  
connected 2.1 ± 0.1 Hz 2.5 ± 0.15
*1.3.2 Roughness ca l ib ra t ion  test  track
Another method of ca l ibra t ing  the f i f t h  wheel Bl,  developed by 
the TRRL, is a dynamic test  where the Bl is run over a c a l ib ra t io n  
test  track.
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The procedure consists of establ ishing a permanent test  section  
on a 300 metre long r ig id  concrete pavement with a varying number of  
galvanised pipes (from 0 to 150) bolted across the vehic le  wheel paths 
at  varying intervals  to simulate several levels of roughness.
A f l a t ,  s t ra ig h t ,  smooth concrete s t r ip  300 metres in length 
should be selected as the test  t rack,  preferably  not used by t r a f f i c  
so that  i ts  roughness w i l l  remain unaltered over the period of c a l ib r a ­
t ion .  The various levels of roughness are simulated by bolt ing a vary­
ing number of galvanised pipes on the track across the vehic le  wheel-  
paths, the pipes being approximately 2.15  metres long and 3.^13  cms 
external diameter, as shown in Figure k . 6 .
Each pipe requires 3 holes, bolts and anchors to f i x  i t  in place.  
Thus 150 sets of 3 bol t  holes are established 2 metres apart a t  r ig h t  
angles to the centre l ine  of the t rack. The anchors are recessed below 
the pavement surface and permanently embedded with res in .  Care must be 
taken to ensure that the anchors and pipe bolts are correc t ly  al igned.
Six d i f f e r e n t  levels of roughness are simulated by various com­
binations of pipes ranging from no pipes at  level 0 to 150 pipes a t  2 
metre intervals  a t  level 5. This covers the f u l l  range of roughness 
from a paved road in good condition to an unpaved road in extremely 
poor condit ion; approximately 2,000  mm/km to 13,000 mm/km as measured 
by the f i f t h  wheel Bl.  The conf igurat ion of the pipes a t  each level on 
the test track is given in Table k . 2 .
The f i f t h  wheel Bl is run over each of the six  levels of  roughness 
on the test  track at  32 km/h several times and the average of these 
runs is evaluated for  each leve l .  The f i f t h  wheel Bl,  being a standard
116
Fi g  4 .6  Roughness c a l i b r a t i o n  t e s t  t r a c k  be i ng  c o n s t r u c t e d
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TABLE 4.2
Configuration of pipes on the tes t  track
25 50 75 114 150
Pi pes Pipes Pipes Pipes Pi pes
Level Level Level Level Level
1 2 3 4 5
x 0 x 0 x 0 x 0 x 0
x 1 x 1
x 2 x 2 x 2
x 3 x 3
x 4 x 4 x 4 x 4
x 5 x 5
x 6 x 6 x 6 x 6 x 6
x 7
x >8 x 8 x 8
x 9
x 10 x 10 x 10 x 10
x 11
x 12 x 12 x 12 x 12 x 12
x 13 x 13
x 14 x 14 . x 14
x 15 x 15
x 16 x 16 X  16 X  16
X 17 X 17
x 18 x 18 X 18 
•
•
X  18 
•
•
X 18 
•
x 132 x 132
•
x 132
•
X 132 x 132
X  133 X  133
X  134 X  134 X  134
X  135 X  135
x 135 X  136 x 136 X 136
X 137 X 137
x 138 x 138
COX x 138 x 138
X 139
X 140 x 140 x 140
x 141
X 14 2" x 142 x 142 x 142
x 143
x 144 x 144 x 144 x 144 x 144
x 145 x 145
x 146 x 146 x 146
x 147 x 147
x 148 x 148 x 148 x 148
x 149 x 149
At level 5 the 150 pipes are spaced a t  2 metre in te rvals  with  1 metre 
of track at  each end to make up the f u l l  300 metres.
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instrument, should produce consistent roughness f igures a t  each level  
over a period of t ime. I f  the f igures are not consistent then the 
f lu i d  in the dashpots may be adjusted unt i l  the roughness readings 
coincide with previous resul ts .
This type of test  track could be used to ca l ib ra te  other  roughness 
measuring instruments. However, the test  track does not simulate the 
condit ions on a road. Preliminary (unpublished) results on the T.TRL 
test  track have shown that a re lat ionship  established between two 
d i f f e r e n t  roughness measuring devices on the test  track d i f f e re d  con­
siderably from a re la t ionship  established between the same two devices 
on roads over the same period of time. Thus the test  track is su i tab le  
to check whether a roughness measuring instrument remains w i th in  i ts  
ca l ib ra t ion  l im i ts  but is not sui table  for  establish ing re la tionships  
between two d i f f e r e n t  types of  instrument.
4.4  Vehicle mounted in tegrator  unit
There are several disadvantages in using a f i f t h  wheel Bl for  
measuring the roughness of a road. F i r s t l y  i t  requires a veh ic le ,  such 
as a landrover, f i t t e d  with a spec if ic  towing hitch. As i t  is a s ingle  
wheel t r a i l e r ,  i t  is d i f f i c u l t  to reverse or turn around the vehic le  
with the Bl attached and becomes v i r t u a l l y  impossible on narrow roads 
which are often encountered in developing countr ies.  I t  is also a 
heavy instrument, weighing over 400 kgms, which makes i t  d i f f i c u l t  to 
transport over long distances or from country to country.
To overcome these d i f f i c u l t i e s  a modified method of measuring road 
roughness has been developed by mounting an integrator  u n i t ,  s im i la r  to 
the one f i t t e d  on the side of the chassis of the f i f t h  wheel bump 
in tegrator ,  inside a vehicle .
119
An integrator  unit  is f ixed to the chassis of a vehic le  d i r e c t l y  
over the rear axle and connected to the rear axle by the cord from i ts  
c y l in d r ic a l  drum in the same manner as on the f i f t h  wheel Bl.  The 
in tegrator  un i t  is wired up to electromagnetic counters inside the 
vehicle  and road roughness recorded as the integrated downward movement 
of the veh ic le 's  rear axle r e la t iv e  to tne chassis as the vehic le  
traverses the road at a steady speed. The integrator unit  mounted over 
the rear axle of a vehicle  is i l l u s t r a te d  in Figure ^ .7 .
The advantages of th is  system are that there is no need to t r a i l  
a heavy instrument long distances and manoeuverabi1i ty  is g rea t ly  
increased. Unfortunately the measure of  road roughness is no longer 
standard but dependent upon the suspension character is t ics  of  the 
vehicle  in which the’ integrator  unit  is mounted. Not only w i l l  the 
suspension character is t ics  vary from vehic le  to vehicle but w i l l  also  
change over time for  a vehicle  due to wear and tear or serv icing of 
that  vehic le .
To overcome this problem both the f i f t h  wheel Bl and the vehic le  
mounted with an integrator  unit  are run in convoy over a series of  
test s i tes  at  a constant speed of 32 km/h (20 mph). The tes t  s i tes  
should be selected to cover a wide range of roughness levels thus 
enabling a re lationship  to be established between the two instruments.  
Having derived a relationship, then the vehicle  mounted in tegrator  unit  
may be used to carry out a l l  the roughness measurements and these 
readings transformed into the standard f i f t h  wheel Bl units of  
measure. This process is repeated on a regular basis so that each new 
re lationship  w i l l  take into account any change in the veh ic le 's  
charac te r is t ics ,  since the character is t ics  of the f i f t h  wheel Bl do not
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F i g  4 . 7 ( a )  V e r t i c a l  v i e w  o f  i n t e g r a t o r  u n i t  a t t a c h e d  t o  r e a r  a x l e  o f  
v e h i c l e  by a cord  t h r o u g h  a h o l e  in t he  c h a s s i s
run
Fig  4 . 7 ( b )  I n t e g r a t o r  u n i t  mounted o v e r  t he  
r e a r  a x l e  o f  a v e h i c l e
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a l t e r ,  as can be checked using the procedures described in sections
4 . 3 . 1 . and 4 .3 .2 .
The f i f t h  wheel Bl being a single wheel t r a i l e r ,  measures the 
roughness in one wheelpath only,  whereas the vehic le  mounted in tegrator  
unit  measures the response of the vehicle  to two wheel paths. Thus test  
si tes with a uniform roughness across the wheel paths should be selected  
for  the corre la t ion  exercise.
4.5 St.  Lucia road roughness measurements
A f i f t h  wheel bump integrator  (Bl) and several in tegrator  units  
were ava i lab le  to measure the surface condit ion of the 82 test  sections 
used in the St.  Lucia vehicle performance study. Vehicles that  had 
been provided by the TRRL, pr imar i ly  fo r  the fuel consumption exper i ­
ments (see Chapter 6) were also adapted for  the use of monitoring the 
road roughness.
A 1600 cc Ford Cortina MkIV estate  car was f i t t e d  with  an integra­
tor un i t  over the rear axle and a Ford t r a n s i t  van was f i t t e d  with a 
hitch fo r  towing the f i f t h  wheel Bl.  As explained e a r l i e r  in th is  
chapter,  a vehicle mounted integrator  u n i t  has to be correlated against  
a standard instrument, such as the f i f t h  wheel Bl,  which is not 
influenced by the character is t ics  of the towing veh ic le .  Thus the 
selection of the estate car and the t ra n s i t  van was not crucia l  to the 
f in a l  roughness measurements.
The vehicle  mounted integrator  uni t  was used to measure the 
roughness of the test  sections in preference to the f i f t h  wheel Bl 
for  several reasons. F i r s t l y ,  the t r a n s i t  van was required more 
f requently than the estate car for  the fuel consumption experiments,
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as i t  was operated in two load condit ions whereas the car was operated 
in only one load condition (see Chapter 6 ) .  In addit ion several o f  
the tes t  sections were on narrow roads, which would have meant the 
t ra n s i t  van, with the f i f t h  wheel Bl,  t ra v e l l in g  a r e l a t i v e l y  long 
distance beyond the end o f  a test  section to f ind a su i tab le  place to 
turn around.
The f i f t h  wheel BI was used to regular ly  check the character is t ics  
of the estate car f i t t e d  with the in tegrator  un i t .  As the B! is 
designed to be operated a t  a steady speed of 32 km/h, a l l  roughness 
measurements with the estate  car were conducted a t  a speed of  32 km/h.
The experimental studies fo r  the St.  Lucia vehicle  performance 
study commenced in September 1977 and the f i r s t  roughness measurements 
on the 82 test  sections used for  these experiments were conducted 
during September/October 1977 > using the vehicle  mounted in tegrator  
unit .  The number of inches of downward movement of the rear axle  
r e la t iv e  to the chassis of  the vehic le  was recorded on each test  
section and evaluated in units of mm/km. To convert these readings 
to the equivalent f i f t h  wheel Bl units of  measure (also in mm/km), i t  
was necessary to run both instruments over several sections of road 
at  32 km/h, to establ ish a re la t ionship  between the two devices.
Seventeen sections of road were selected covering a wide range of  
roughness levels .  The readings from both measuring systems are given 
in Table k . 3 .
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Table **.3
Vehicle mounted integrator  unit  and f i f t h  wheel Bl roughness 
measurements -  October 1977
Vehicle mounted 
integrator  unit  
(rum/km)
F i f th  wheel 
Bl
(mm/km)
1738 19**7
1900 1963
2305 279**
2712 3133
3 **20 3**71
352** 3725
3** **3 3895
3578 **826
5311 550**
5799 6520
**905 672**
5231 677**
612** 8382
6937 9 **83
7017 9568
8236 9822
9779 12108
A re lat ionship  between the two instruments was established using 
a simple l inear  regression analysis.  This re la t ionship  is given below.
Y = 1 .320X - 4 4 3    (4 .1 )
R2 = 0.965
where Y is the roughness reading from the f i f t h  wheel Bl in mn/km 
and X is the roughness reading from the veh ic le  mounted 
integrator  unit  in mm/km.
12**
The l inear  format used in equation *1.1 accounted for  96.5 per 
cent of the v a r ia t io n  between the two sets of f igures .  A p lo t  of  th is  
l inear  re la t ionsh ip ,  together with the data points,  is shown in Figure 
*1. 8 . This p lot  i l lu s t r a te d  that a l inear  function was both accurate  
and adequate in explaining the re la t ionsh ip  between the two roughness 
measuring instruments.
The f igures in Table *1.3 showed that  the roughness readings from 
the vehicle  mounted integrator  unit  were consistently  lower than those 
from the f i f t h  wheel Bl. Using the re lat ionship  given in equation *».1, 
i t  was possible to convert a l l  the roughness measurements from the 
vehicle  mounted integrator  uni t  to the equivalent standard f i f t h  wheel 
Bl units of measure.
Unlike the horizontal and ve r t ic a l  alignment of a road, the surface  
condition of a road w i l l  change over a period of time due to weathering 
and t r a f f i c  passing over i t  or due to road maintenance and repa ir  work. 
This meant that the roughness of the 82 test  sections had to be 
monitored a t  regular intervals  during the period of the vehic le  
performance experiments. As a l l  the test  sections were on paved roads, 
any change in surface condit ion was l i k e l y  to be r e l a t i v e l y  small over 
a period of time such as a year.  However i t  was decided to monitor the 
test sections at  2 to 3 month in te rva ls ,  as several of the sections  
were extremely rough and could de te r io ra te  at  a fas te r  rate than would 
normally be expected.
In December 1977 the vehicle  used for  monitoring the roughness 
was involved in a mishap where the engine was set a l ig h t  during 
servicing resul t ing in the engine compartment being damaged beyond 
repa ir .  At this stage, roughness measurements had been recorded on
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a l l  the test  sections except those on the Laborie Road (s i tes  69 to 
72 inc lus ive ) .  A new re lat ionship  between this vehic le  mounted 
in tegrator  unit  and the f i f t h  wheel Bl had not been established pr io r  
to the f i r e ,  therefore the re la t ionship  derived in October (equation 
*K1) had to be used to convert a l l  the roughness readings collected  
during December into the equivalent  f i f t h  wheel Bl units of measure.
As the vehicle  had not covered a large distance in this period of time 
( less than 2,000 miles) and had not had any parts replaced, i t  was 
reasonable to assume that  i ts  character is t ics  were very s im i la r  when 
conducting the roughness measurements in December to when i t  had been 
used in October. Thus using equation ^.1 was an adequate re la t ionsh ip  
to use in this s i tu a t ion .
A replacement vehicle  was ordered which arr ived in St.  Lucia in 
January 197S. This vehicle was another 1600 cc Ford Cortina MkIV 
estate car and was f i t t e d  with an integrator  u n i t .  The roughness of  
the 82 test  sections was measured with this vehicle  in February 1978 
and subsequently correlated against the f i f t h  wheel Bl by running the 
two instruments over the same seventeen sections of road used f o r  the 
previous vehic le .
The readings from the f i f t h  wheel Bl on these seventeen sections  
were very s im i la r  to the October readings. As i t  is impossible to 
maintain the same unique wheelpath fo r  each run with the f i f t h  wheel 
Bl, the results from October were used since they matched very c losely  
with the results from February and any minor dif ferences could be 
a t t r ibu ted  to wheelpath va r ia t io n .  The readings from both measuring 
systems are given in Table k . h .
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TABLE 4.4
Vehicle mounted integrator  unit  and f i f t h  wheel Bl roughness
measurements -  February 1978
Vehicle mounted 
in tegrator  unit  
(mm/km)
Fi f th  wheel 
Bl
(mm/km)
1764 1947
1936 1963
2369 2794
2803 3133
3460 3471
3668 3725
3582 3895
3722 4826
5496 5504
6093 6520
5141 6724
5488 6774
6440 8382
7307 9483
7393 9568
8692 9822
10338 12108
The re lat ionship  established between the two instruments is given 
below.
Y = 1 .238X -  319   (4 .2 )
R2 = 0.967
where Y is the roughness reading from the f i f t h  wheel B I in 
mm/km
and X is the roughness reading from the vehicle  mounted 
in tegrator  unit  in mm/km.
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The l inear  format used In equation k . 2  accounted for  96 .7  per 
cent of  the var ia t ion  between the two sets o f  f igures .  A p lo t  of  
th is  l inear  re la t ionsh ip ,  together with the data points,  is shown in 
Figure k . 9. This plot  i l l u s t r a te d  that a l inear  function was again 
both accurate and adequate in explaining the re lationship  between the 
two roughness measuring instruments.
Although the readings from this vehicle  mounted in tegrator  unit  
were higher than the readings from the previous vehic le ,  they were 
s t i l l  consistently lower than the readings from the f i f t h  wheel Bl . 
Equation k . 2  was used to convert a l l  the roughness readings from the 
second vehic le  mounted in tegrator  unit  to the equivalent standard f i f t h  
wheel Bl units of measure.
Most of the vehic le  performance experiments in St.  Lucia were 
concluded by Apri l  1978, therefore no fu r the r  roughness measurements 
were made using the second vehicle  mounted integrator  u n i t .  The 
roughness, measured in October, December and February, of a l l  82 test  
sections used in these experiments are given in Appendix I I .  Roughness 
f igures are given for  each side of the road in equivalent f i f t h  wheel 
Bl units using equation- 4.1 for  the October and December vehic le  
mounted integrator  unit  readings and equation A . 2 for  the February 
readings. The range of roughness encountered on each of the s ix  
routes during each period of measurement is given in Table 4 .5 .
The f igures in Table *1.5 showed that  a wide range of road rough­
ness had been selected for  the 82 test  sections, ranging from around 
1300 mm/km to almost 15000 mm/km.
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TABLE 4 . 5
Range of roughness encountered on the six  routes
Route
F i f t h  wheel Bl roughness f igures (mm/km)
October December February
mi n max mi n max mi n max
Morne 2179 4928 2424 5396 2356 5411
East Coast 
Road (Si) 1957 4585 2166 5591 2114 5503
East Coast 
Road (S2) 2035 ^397 2101 1(515 2101 4434
Old Bitumen Road 3463 5547 2845 6219 2751 6130
Laborie Road 1389 2867 JL 1329 2464
West Coast Road 6228 14799 6972 13559 7019 14812
*  Roughness not measured in December
4.6 Roughness measurements fo r  the Caribbean road user cost survey
Road roughness was measured on the road network of the four
islands encompassed by the Caribbean road user cost survey, as i t  has
a s ig n i f ic a n t  e f fe c t  on certa in  components of vehicle  operating costs 
6 11such as tyre wear ’ . As described in Chapter 3> a survey veh ic le
was shipped to each of these islands to conduct a road inventory. This 
vehic le ,  which was also a 1600 cc Ford Cortina MkIV estate car ,  was 
f i t t e d  with an in tegrator  unit  over the rear axle and used to monitor  
the surface condition of the roads w h i ls t  in these islands.
The instrumented vehic le ,  which was based in Barbados, was shipped 
to St. Lucia in February 1978 and run, in conjunction with the f i f t h  
wheel Bl and the second St. Lucia vehicle  mounted in tegrator  u n i t ,  on 
the seventeen sections of road to establish  a re lationship  with the Bl.
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The readings from the user cost survey vehicle  and the Bl are given in 
Table 4 .6 .
TABLE 4.6
User cost survey vehicle  and f i f t h  wheel Bl roughness measurements
User cost 
survey vehicle  
(mm/km)
F i f th  wheel 
Bl
(mm/km)
1355 1947
1524 1963
1947 2794
2371 3133
3122 3471
3217 3725
3133 3895
3284 4826
5080 5504
5588 6520
4657 6724
4996 6774
5927 8382
6774 9483
6858 9568
8128 9822
9737 12108
The re lat ionship  established between the two instruments is given 
below.
Y = 1.267X + 131    (4 .3 )
R2 = 0.965
where Y is the roughness reading from the f i f t h  wheel Bl in mm/km
and X is the roughness reading from the user cost survey veh ic le  
in mm/km.
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The l inear  format used in equation 4 .2  accounted fo r  96.5 per cent  
of the v a r ia t io n  between the two sets of f igures .  A p lot  of th is  l inear  
re la t ionship  together with the data points,  is shown in Figure 4 .10.
This p lo t  i l l u s t r a te d  that a l inear  function was both accurate and 
adequate in explaining the re lat ionship  between the two roughness 
measuring instruments.
As with  the vehicle mounted in tegrator  units used in the St.  Lucia 
vehic le  performance study, the readings from the user cost survey vehic le  
were consis tently  lower than the readings from the f i f t h  wheel Bl. These, 
readings were also lower than the readings from the other two St.  Lucia 
vehic les,  i l l u s t r a t i n g  that  vehicles of the same age, make and model can 
produce d i f f e r e n t  roughness f igures.  This highl ighted the necessity to 
corre la te  vehicle  mounted devices against standard roughness measuring 
i nstruments.
A f te r  concluding the roughness measurements in an is land, the 
survey vehic le  was shipped back to St .  Lucia each time to be corre lated  
against the f i f t h  wheel Bl.  The road user cost survey was conducted 
over a two year period (u n t i l  May 1979),  thus a roughness c a l ib ra t io n  
test  track was constructed in St.  Lucia, as described in section
4 .3 .2 ,  to check that the f i f t h  wheel Bl remained in spec i f ica t ion  
during this period of time.
The international  a i rp o r t  in St. Lucia,  si tuated in the south of  
the island, had several disused runways w ith in  i ts  compound. A f l a t ,  
s t ra ig h t  section of  300 metres was selected on one of these runways as 
sui tab le  fo r  use as a roughness ca l ib ra t io n  test  t rack. This concrete  
track was not used by any road or a i r  t r a f f i c ,  therefore i ts  roughness 
did not s ig n i f ic a n t ly  a l t e r  over the period of c a l ib r a t io n .
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The user cost survey vehic le  was also driven over the s ix  levels of  
simulated roughness on the test  track.  The resul ts from both instruments 
are 1 is ted i n Table 4 .7 .
TABLE 4.7
User c o s t  survey v e h i c l e  and f i f t h  wheel Bl measurements 
on the S t .  Lucia t e s t  t r a c k
Roughness
le v e l
User cos t  
survey  v e h i c l e  
(mm/km)
F i f t h  wheel  
B1 
(mm/km)
0 1101 1524
1 3979 2879
2 69^3 4657
3 9568 7027
4 121)46 .9906
5 15664 12954
The re la t ionship  established between the f i f t h  wheel Bl and the 
user cost survey vehicle  on the St. Lucia test  track is given below.
Y = 0.800X -  135   (4 .4 )
R2 = 0.982
where Y is the roughness reading from the f i f t h  wheel Bl in 
mm/km
and X is the roughness reading from the user cost survey 
vehicle  in mm/km.
Equation 4.4 and the data points given in Table 4.7 have been 
plotted in F igure4 .11 ,  together with  the results from the same two 
instruments derived on the seventeen sections of road (equation 4.3  
and Table 4 .6 ) .
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On the seventeen sections of road the user cost survey vehic le  
consistently  recorded lower roughness readings than the f i f t h  wheel Bl,  
as did the two vehicles used in the veh ic le  performance study. On the 
roughness c a l ib ra t io n  tes t  t rack,  however, the survey veh ic le  recorded 
higher roughness readings than the Bl a t  a l l  levels except level 0.
As there are no pipes bolted on to the test  track at  level 0,  th is  
level may be regarded as a section of road.
Thus to transform roughness measurements from RTRRM systems, such 
as the vehic le  mounted integrator  un i t ,  to a standard instrument,  such 
as the f i f t h  wheel Bl,  only re lationships established from running the 
two devices on sections of road can be used, and not re lationships  
derived on a r t i f i c i a l  surfaces. These results emphasised the point  
made in section *1.3.2; that the test  track is su i tab le  fo r  c a l ib ra t in g  
a roughness measuring instrument to check that i ts  response remains 
constant over a period of t ime, but is not sui table  for  simulating a 
road as a means of establishing re lationships between two roughness 
measuring devices.
k .7 Developments in standardising roughness measuring techniques
Research into vehicle operating costs in developing countr ies^* '^  * 
has ident i f ied  road roughness as an important element influencing these 
costs. The e f fe c t  of road roughness on vehic le  operating costs has now 
been quanti f ied in the form of mathematical relat ionships which are 
read i ly  ava i lab le  to the pract ic ing engineer and planner to use in 
appraisal studies. But what has not been done is to provide the 
prac t i t io n er  with a tool to measure road roughness to a standard,  
universa lly  acceptable*scale.
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As mentioned at  the beginning of this chapter, there are a number 
of diverse systems used fo r  measuring the surface condition of a road. 
These systems produce d i f f e r e n t  measures of roughness as they are  
e i th e r  dependent upon the character is t ics  of a pa r t ic u la r  vehic le  or 
measure and analyse the p r o f i l e  of a road in d i f f e r e n t  -ways.
A popular and acceptable method of measuring road roughness is to 
mount a sui table  instrument in a vehicle which could measure the d is ­
placement of the axle r e la t i v e  to the body of the veh ic le ,  induced by 
the roughness of the road i t  i s travers i ng. The magni tude of these response 
type measurements vary according to the suspension character is t ics  of  
the vehicle  used, as was shown by the results from St.  Lucia in section 
4.5 ,  and also vary with time due to a change in these charac te r is t ics  
through usage. Such measurements are acceptable only i f  they could be 
cal ibrated  to a given standard enabling measurements with d i f f e r e n t  
vehicles at  d i f f e r e n t  periods in time to be re lated to that  standard.
Instruments such as the f i f t h  wheel Bl used in St. Lucia,  the GMR
31Profi lometer used in the Brazil  study , or the high speed prof i lometer  
used in UK, are not sui table as a standard to be used throughout the world 
since they are expensive and not readi ly avai lab le .  A successful cal ib ra -  
t ion system for  use in developi ng countries needs to s a t is fy  three important 
cond i tions . 11 should be eas i ly transportable p a r t ic u la r ly  from country to
country, i t should be r e la t i v e ly  i nexpensi ve, and i t should be s imple to use.
The author is current ly  involved with the Overseas Unit  of the 
TRRL in attempting to develop a sui table  c a l ib ra t io n  system for  
response type instruments which could then be related to a un iversa l ly  
acceptable standard of a measure of road roughness. At present no
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l i t e r a t u r e  has been published, as the research is not yet complete.
Thus the author is only able to present an ou t l ine  of the work in this  
thes i s .
In an internat ional experiment conducted in B ras i l ia  in 1982, a 
number of road roughness measuring instruments were tested and compared, 
with a view to generating a sui table  s t a t i s t i c  derived from the micro­
p r o f i l e  of road surfaces which could be correlated with response-type 
instruments. A p r o f i l e  measuring instrument developed by the Overseas 
Unit,  which was used in this experiment, appeared the most v iab le  
method fo r  ca l ib ra t in g  other measuring instruments to a un iversa l ly  
acceptable standard su i tab le  fo r  use in a developing country environment.
The system consists of a p r o f i l e  measuring beam f i t t e d  with a 
fol lower wheel attached to a l inear  transducer and a micro-processor, 
as shown in f igure  4 .12. I t  is a battery powered, portable machine 
consisting of a rectangular hollow section l ig h t  a l lo y  beam supported 
at  each end by a tr ipod. The measuring u n i t ,  containing the transducer  
and micro-processor,  is suspended from the beam with i ts  sensor wheel 
resting on the road surface. The beam is adjusted a t  each end un t i l  
i t  is horizontal and measurements are made by the operator moving the 
measuring unit  a t  a walking pace from one end of the beam to the other.  
A . s i 1i c o n - f i 1 led, sealed rotary damping un i t  is attached to the arm of  
the wheel to prevent any spurious ve r t ic a l  movement of the wheel.
Analogue signals from the transducer induced by the movement of  
the wheel along the road p r o f i l e ,  are picked up every 100 mm, d ig i t is e d ,  
and then analysed to detrend the physical p r o f i l e  of the road. The 
detrended p r o f i l e  which includes a l l  wavelengths present in the road
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Fig 4.12 The TRRL road roughness c a l i b r a t i o n  beam
140
section is then processed to produce a Root Mean Square of  Deviation  
(RMSD) by the 'on-board1 micro-processor.
The Roc-L Mean Square of Deviation is derived by determining the 
deviations from a .simple'1 inear regression l ine  for  a given baselength 
and then calculat ing the root mean square of  these deviat ions.  For a 
given baselength £, with n p r o f i l e  points,  the regression l ine  y = a + bx 
is calculated and the deviations Dj evaluated. RMSD is given by the 
following forumla:
The RMSD for  a section of road containingN baselengths of length £ 
is given by:
Current analysis indicates that using a baselength of  1.8 metres 
and sampling the profi i le at  discrete 300 mm in te rv a ls ,  produces 
s t a t i s t i c a l l y  the most s ig n i f ic a n t  corre lat ions between the RMSD 
s t a t i s t i c  and RTRRM systems. Consequently the p r o f i l e  measuring beam 
is 3*6 metres long, enabling two complete baselengths to be measured 
in one placement.
For c a l ib ra t ing  RTRRM systems with th is  p r o f i l e  measuring beam, 
a l l  the user needs to do is to measure about 8 sections of  road approx­
imately 300 metres in length covering a wide range of surface roughness 
and derive an RMSD s t a t i s t i c  for  each section of road. These RMSD 
s t a t is t i c s  are then correlated with the response instrument readings
RMSD
n
XRMSD
(4 .6 )
H1
from the same sections of  road. Having derived such a corre la t ion  
curve, the user is then in a posit ion to measure many miles of  road 
with his vehic le  mounted system and convert the measurements back to 
RMSD s t a t i s t i c s .
The p r o f i l e  measuring beam has been correlated against the stan­
dard f i f t h  wheel Bl over a f u l l  range of paved and unpaved roads. The 
Bl was chosen because the resul ts from the international  experiment c o n d u c t e d  
in B r a s i l ia  showed a near perfect  co r re la t ion  between the Bl measure­
ments and three d i f f e r e n t  response instruments. Consequently a standard 
reference roughness equation based on the corre la t ion  between the Bland 
the prof i 1 e measuri ng beam has been i ncorporated i nto the mi cro-processor, 
enabling the RMSD s t a t is t i c s  to be converted to this standard measure 
of roughness. Thus the user inputs his measurements from the vehic le  
mounted system into the micro-processor through a keypad on the measur­
ing unit  of the beam and the above calculat ions are done automatically  
to produce the equivalent standard measure of roughness.
The p r o f i l e  measuring beam can be dismantled into three packages 
weighing approximately 25 kgms. This enables the beam to be eas i ly  
transported from country to country to c a l ib ra te  any RTRRM system into  
a standard measure of roughness.
Pro f i les  derived from rod and level surveys have been used to
57 58c a l ib ra te  road roughness measuring systems ’ . Although this method
could be used to derive a s im i la r  RMSD s t a t i s t i c  by sampling a t  300 mm 
in te rva ls ,  i t  is a fa r  less e f f i c i e n t  method than the beam system. I t  
would take a f u l l  days work to survey a 300 metre section of road at  
in te rvals  of 300 mm, whereas the beam can be used to p r o f i l e  the same 
section in less than one hour. In addit ion, the manipulation of a l l  the
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data from the rod and level survey and subsequent calculat ions would 
be time consuming.
A further  development which is being investigated by the Overseas 
Unit at  the TRRL is a method of obtaining road prof i les.  wtth the aid of  
a laser beam. The successful development of  such a system would 
fur ther  help to speed up the f i e l d  measurements.
4.8 Summary
Research into vehicle  operating costs in developing countries has 
iden t i f ied  road roughness as the key element influencing these costs,  
which in turn have been shown to have a dominant e f fe c t  on the to ta l  
cost of road transportat ion.  In th is chapter the author has discussed 
several of the roughness measuring instruments, with p a r t ic u la r  
emphasis on the instruments used in the Caribbean VOC study.
The measurements from the f i f t h  wheel bump integrator  and the 
vehicle mounted integrator  unit  have been analysed and compared. The 
roughness encountered on the 82 test  sections used fo r  the St. Lucia 
experiments ranged from 1300 mm/km to almost 15000 mm/km.
The need for  standardising a l 1 the roughness measuring devices has 
been discussed. A roughness ca l ib ra t io n  beam current ly  being developed 
at the TRRL has been reviewed, with the results indicating that i t  
could provide a sa t is fac tory  ca l ib ra t io n  tool to standardise response 
type road roughness measuring systems throughout the world.
143
5. ST. LUCIA VEHICLE SPEED MEASUREMENTS
5*1 1ntroduction
The measurement of vehic le  speeds has been the subject of numerous 
investigations in a v a r ie ty  of t r a f f i c  studies. The important e f fe c t  
i t  has on the major ity  of the components of vehic le  operating costs has 
been highl ighted e a r l i e r  in this thesis and i t  is in this context that  
vehicle  speed measurements are discussed in th is  chapter.
This chapter defines the basic terminology used in discussing 
vehic le  speeds and the various empirical methods used to estimate  
speeds. This is followed by a detai led descr ipt ion of the veh ic le  
speed measurements carr ied out in the St.  Lucia vehic le  performance 
study.
5.2 Vehicle speed de f in i t io ns
59Speed has been defined by Hobbs and Richardson as the rate  of  
travel  usually expressed in miles per hour (mph) or ki lometres per hour 
(km/h) and is generally  q u a l i f ie d  according to three main types:
a) Spot speed
b) Running speed
c) Journey speed
Spot speed is the instantaneous speed of a vehic le  at  any specif ied  
point.  Running speed is the average speed maintained over a p a r t ic u la r  
course while  the vehicle is moving and is found by div id ing the length 
of the course by the time the vehicle is in motion. Journey speed is 
the e f fe c t iv e  speed of the vehic le  on a journey between two points,  and 
is the distance between the two points divided by the to ta l  time taken
1M
for  the vehicle  to complete the journey, where the time includes any
stopped time due to t r a f f i c  delays.
Vehicle speed measurements on rural, roads in developing countries  
for  use in VOC relat ionships are general ly  conducted on r e l a t i v e l y  
short sections of road with f ree-f lowing t r a f f i c .  In these cases the 
running speed is equal to the journey speed.
The mean of  the spot speeds and journey speeds are referred to as
the time-mean speed and the space-mean speed respect ive ly .  The t ime-  
mean speed is obtained by considering the d is t r ib u t io n  of speeds over a
period of time a t  a point in space, whereas the space-mean speed is
obtained by considering the d is t r ib u t io n  of speeds at  d i f f e r e n t  points 
in space at  a given instant of time.
In other words the time-mean speed is the ar i thmet ic  mean of the
speeds of a l l  vehicles passing a f ixed point in a given period of time;
the space-mean speed is the ar i thmet ic  mean of  the speeds of  a l l  
vehicles present in a f ixed length of road a t  a given instant  o f  t ime.
They can be defined a lgebra ica l ly  as fol lows:
Time-mean speed
■v - 5 c  ...........  (5.1)
I f
where V = time-mean speed
x = mid-class spot speed 
f  = frequency in each class
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Space-mean speed
Vs = |    (5 .2 )
where Vs = space-mean speed
£ = length o f  road section
t  = average journey time in hours of  
vehicles in a given class.
The re lat ionship  between these two speeds has been shown by 
Wardrop^ to be
_  _  S 2
V = V + ^  ....... (5.3)
. Vs
where V = time-mean speed
Vg = space-mean speed
•- standard deviat ion of the space 
d is t r ib u t io n  of speeds.
Equation 5.3 shows that time-mean speed is never less than the space-
mean speed.
In estimating vehic le  speeds fo r  use in determining the components 
of VOC, the e f fe c t  of the general layout of routes on veh ic le  speeds is 
examined. Consequently the road character is t ics  of a section of  road are 
measured and related to the vehicle  speed over that  section. For th is  
reason journey times are the appropriate measures of speed to use, and 
have been used in the St. Lucia vehicle performance study.
1*»6
Research conducted by Duncan on rural roads in UK resulted in a 
series of speed/flow relations being established fo r  d i f f e r e n t  classes 
of road. On single 2-lane rural roads, speed/flow re la t ions were 
derived only fo r  roads with a f low in excess of 300 vehicles per hour.
As the flows in St.  Lucia were generally  less than 100 vehic les per hour, 
relationships fo r  speed/f low/density are not applicable .  In the f r e e ­
f low cond i t  ions encountered on most rural  roads in developing countr ies,  
the f ree  speeds are the re levant  speeds used in VOC re la t ionsh ips ,  and 
thus the speeds measured in St. Lucia re fer  to the mean f re e  journey  
speed of vehicles.
5.3 Techniques used in measuring vehic le  speeds
In genera l , methods of measuring vehic le  speeds f a l l  into  two 
6lgroups : -
( i )  those in which vehicles are timed over a long distance (long base) 
( i i )  those in which vehicles are timed over a short distance (short  
base).
Usually a short base method requires more elaborate equipment and 
is only used when speeds rather than journey times are required.
Several examples of both methods are given below.
Enoscope. . This apparatus consists of a mirror  mounted on a t r ipod a t  
the side of the road in such a way that an observer's l ine  of sight  is 
turned through 90°.  The observer stands at  one end of a section with  
the Enoscope a t  the other and times the passage of a vehic le  through 
the section using a stopwatch by looking into the mirror  to see the 
exact time at  which the vehic le  passes the end of  the marked length.
The results from this method may be used as the relevant spot speeds as
1*7
only short lengths of road can be monitored accurately.  This method is 
very dated and is not commonly used these days.
Electronic  timing apparatus. Detectors, such as pneumatic tubes, can 
be used to indicate when a vehic le  enters and leaves the measured 
section of road. The passage of  the veh ic le  over the f i r s t  tube trans­
mits a pressure pulse which s tar ts  the operation of an electromagnetic-  
a l l y  controlled stopwatch and stops when the vehic le  passes the second 
tube. Care must be taken to ensure that the same vehic le  s ta r ts  and 
stops the watch, therefore both ends of the measured section must be 
v is ib le  to the operator.
Radar speed meters. A v a r ie ty  of radar speed meters ex is t  and are 
used to measure the spot speed of vehicles.  The apparatus transmits 
high frequency electromagnetic waves in a narrow beam towards a selected  
vehicle  and Lhe ref lected waves, a l tered in length depending on the 
veh ic le 's  speed, are returned to the receiving unit  ca l ibrated to give  
the speed of the vehic le .
Photography. This method employs a camera to record the distance  
moved by a vehicle in a selected short period of t ime. Exposures are 
made a t  a constant time in te rv a l ,  and the inte rval  and distance t ra ve l led  
between exposures is measured by project ing the f i lm  on to prepared grid  
screens. The distance divided by the time interval between exposures 
gives the spot speed.
Pen recorders. This method employs a chart recorder connected to 
pneumatic detectors on the road. A detector  is placed at  each end of  
a section of road and a th ird detector is placed equidistant  between 
these two. Each detector is connected to a separate pen of an operations
recorder in which a paper chart is pulled a t  a uniform rate  past the 
pens and on which another pen produces a time t race. The passage of a 
vehic le  over any detector  causes the appropriate pen to move, and con­
sequently the movement of a vehic le  through a set of detectors produces 
a d is t in c t i v e  pattern on the chart.  I t  is possible by th is  method to 
determine the time taken f o r  the veh ic le  to travel between the two ends 
of the measured section and the d i rec t ion  of t ra v e l .
The greatest disadvantage of th is method is that the analysis is 
extremely laborious. In addit ion the rate at  which the paper passes 
the pens can vary s l ig h t l y .
Moving observer method. A method fo r  measuring t r a f f i c  speeds and flows
by observations made from a moving vehic le  was developed by Wardrop and 
62Charlesworth . Observers in test  cars, driven in the t r a f f i c ,  record 
th e i r  journey times, count opposing t r a f f i c  and keep t a l l y  of overtaking  
and overtaken vehicles.  From these observations, the mean speeds and 
number of vehicles passing along a road can be obtained fo r  a l l  classes 
of veh ic le  selected.
The t r a f f i c  volume in one d irec t ion  fo r  each section of the route 
and fo r  each class of vehic le  is obtained from the formula:
- - * 2 -  ...............  ( 5 . k)-  +t
a wq = t  t
where q denotes vehicles (of the appropriate class) per minute in 
the d i rec t ion  of the stream:being considered.
x denotes number of vehicles (of the same class) met in the 
section when t ra v e l l in g  against the stream.
'1*»9
y denotes number of vehicles (of the same class) that  overtake  
the observer,  minus the number that  he overtakes, in the 
section.
t  denotes journey time of the observer when t ra v e l l in g  against  a
the stream.
t  denotes journey time of the observer when t ra v e l l in g  with  
the stream.
The average journey time in minutes of the pa r t ic u la r  class of  
vehicle  in the stream is given by:-
f -  tw - X  . . . . . . .  (5.5)
Registration number method. This method is sui table  fo r  measuring the 
journey-times of vehicles over r e la t i v e ly  long distances (several hun­
dred metres or more) and was the method employed in the St. Lucia 
veh ic le  performance study.
Observers, with synchronized stopwatches, are stationed along a 
route a t  the ends of the section along which journey times are being 
measured. Each observer records the vehic le  reg is t ra t ion  number, the 
vehic le  class, the d i rec t ion  of travel  and the time as the veh ic le  
passes the observer's s ta t ion .  At the end of each period of t iming the 
synchronized stopwatches are checked fo r  any v a r ia t io n  between them. 
Subsequent matching of reg is t ra t ion  numbers and d i f ferenc ing of  the 
recorded times, taking into account any v a r ia t io n  in the synchronized 
stopwatches, enables the journey-t imes of individual vehicles to be 
determined.
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This method is useful when the two timing points of the section  
under observation are si tuated at  a great distance from each other but 
is unsuitable where many vehicles enter ,  leave or stop w ith in  the 
section.
5 . k Vehicle speed measurements for  the St.  Lucia vehicle  performance
study
6The Kenya study produced a set of vehicle  speed estimating  
re lationships.  These relationships were derived empir ica lly  on low- 
volume rural roads and related vehic le  speed to the road geometry fo r  
d i f f e r e n t  classes of veh ic le .  A s im i la r  invest igat ion was undertaken 
in St. Lucia with the objectives of producing a s im i lar  set of speed 
estimating relat ionships fo r  this environment and establ ishing  
universally  acceptable relationships for  low-volume rural roads in 
developing countries, by comparing and combining the two sets of  
relat ionships from the two studies.
5.4.1 Selection of test  s i tes
As explained in Chapter 3, experimental sections could only be 
located on paved roads. Although 82 test  sections had been id e n t i f ie d  
on the s ix  surveyed routes, not a l l  of them were used fo r  the veh ic le  
speed measurements. A number of these sections were too short to 
enable the time taken fo r  vehicles to traverse the section to be 
measured with s u f f ic ie n t  accuracy. In add it ion ,  the manpower and the 
time necessary to monitor such a large number of test  sections adequately 
were not ava i lab le .
I t  was possible to monitor only a tota l  of 28 sections of road 
because of the l im i ta t ions of time and manpower. The 28 sections of
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road were c a re fu l ly  selected to ensure a large range of road character­
i s t ic s .  Several of these sections were a combination of two or more 
o f  the or ig ina l  82 test  sections l is ted  in Appendix I .  Vehicles speeds 
were measured in both di rect ions on each section of road, e f f e c t i v e ly  
giving a tota l  of 56 tes t  s i te s .
The detai led road character is t ics  of each test  s i t e  are given in 
Appendix I I I ,  with th e i r  ranges summarised in Table 5 .1 .
TABLE 5.1
Range of road character is t ics  used in the veh ic le  speed experiments
Vert ica l  
alignment 
(per cent)
No.
of
sections
Grad i ent 
(m/km)
Curvature 
(degrees/km)
Roughness
(mm/km)
Width
(metres)
mi n max mi n max mi n max mi n max
< 1.0 6 0.0 5.1 0 727 1329 7535 4.6 6.5
1.0  -  3.9 6 14.7 39.3 52 1099 2293 11359 5.0 8.5
4.0 -  6.9 6 41.2 69.4 53 542 2772 8673 4.3 7.5
7.0  -  9.9 6 86.4 92.5 211 1028 2356 11893 4.3 7.5
^ 1 0 .0 4 99.6 110.8 173 972 2811 12928 4.3 7.5
TOTAL 28 0.0 110.8 0 1099 1329 12928 4.3 8.5
5*4 .2  Journey-time measurements
The appropriate measure of vehic le  speed fo r  use in v e h ic le  
operating cost studies is journey-t ime measurements as discussed 
e a r l i e r  in this chapter.  Journey-time measurements for  the St .  Lucia 
study were conducted under normal t r a f f i c  operating conditions using 
the reg is t ra t ion  number method. Unlike the fuel consumption exp er i ­
ments in which dr ivers of test  vehicles were instructed to d r ive  a t  
specif ied speeds (see Chapter 6 ) ,  journey-t imes were monitored of  
vehicles travel  1 ing normal ly on the 56 test  si tes selected fo r  th is  study.
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Pr ior  to the s t a r t  of  each timing period, a pair  of observers 
started th e i r  stopwatches simultaneously and then separated to take up 
th e i r  positions a t  opposite ends of a test  section. The observers 
usually noted the reg is t ra t ion  number, the vehic le  c la s s i f ic a t io n  and 
the d i rec t ion  of t ravel before the veh ic le  reached the timing point and 
then entered the watch reading a f te r  the veh ic le  had passed th e i r  
stat ion .  The stopwatches were calibrated in hundredths of  a minute and 
had a s p l i t  second hand. The s p l i t  second hand was stopped each time 
a vehicle  passed the observer's s ta t ion ,  the time noted and then reset  
to the main hand.
The vehicles were c lass i f ied  into three categories; cars, l ig h t  
vehicles and trucks. Light vehicles included vans;, pickups, rangerovers 
and landrovers, whi le  the truck class included a l l  trucks with a gross 
weight greater  than 3 tonnes.
In St. Lucia there were v i r t u a l l y  no buses of the type normally 
encountered in developed countries. Public transport was usually  
provided in the form of vans f i t t e d  with benches. These vans generally  
did not run to a t imetable and dropped or picked up passengers where- 
ever they desired along a known route. Consequently i t  was not possible  
to have a category fo r  buses and the public transport vans were grouped 
in the l ig h t  vehicle  class (see Figure 5 . 1 ) .  A small number of  trucks 
were also adapted fo r  transporting people. These trucks were commonly 
used as school buses (see Figure 5 .2 ) .
At the end of each period of timing the synchronised stopwatches 
were checked and any va r ia t ion  between them recorded; the v a r ia t io n  
was assumed to.be l inear  over the timing period. The journey-t imes  
were evaluated by matching the reg is t ra t ion  numbers of the vehic les
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Fig 5 .1 (b )  Light veh ic le  c la s s : -  van t ransport ing  people and goods
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Fig 5 .2 (a )  Truck carry ing  goods
Fig 5 .2 (b )  Truck adapted fo r  t ransport ing  people
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and di f ferenc ing the recorded times, taking into account any va r ia t io n  
in the two synchronised stopwatches. From these journey-t imes the 
speed of each vehicle  was calculated.
5 .4 .3  Axle-load survey
The truck class o f  vehicles included a v a r ie ty  of  commercial
vehicles with wide ranges of  gross weight and brake horsepower (see
Figure 5 - 3 ) .  These vehic le  character is t ics  have been shown to a f fe c t
29
the speed of trucks . In order to obtain these var iables fo r  each 
t ruck i t  was necessary to carry out an axle- load survey.
The gross vehic le  weight of an individual truck.was determined using 
a portable wheel-weighing uni t  developed at  the TRRL (see Figure 5 . 4 ) .  
This portable weighbridge, weighing 45 kgms, is made of aluminium a l lo y  
plates with s ix  load ce l ls  situated between the top and bottom plates.
I t  is operated from a 12 v o l t  D.C. battery and has a loading area of  
70 cms by 50 cms. The maximum load that can be weighed is 10,000 kgms, 
with the load being displayed on a d ia l  ind icator .
The wheels along one side of the vehic le  are posit ioned, in turn,  
ce n tra l ly  on the weighing unit  (see Figure 5 . 4 ) .  The weight on an axle  
is assumed to be equally d is t r ibuted  between the wheels on each side of  
the axle thus the axle load is equal to twice the wheel load displayed 
on the d ia l  indicator .
For the weight on an axle to be equally d is t r ibu ted  between the 
wheels, the axle must be kept level when the wheels on one side of i t  
are placed on the weighbridge. In St.  Lucia a shallow p i t  was dug, 
usually in a lay-by and the weighbridge placed inside so that  the top 
of the weighbridge was level with the road. Another method sometimes
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n 9 5 . 3 ( a )  Tw o -a x le d  truck b e in g  we ighed i n  St.  L u c ia
n g  5 . 3 ( b )  Heavy f i v e - a x l e d  t r u c k  in  S t .  L u c ia
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F ig  5 . M a )  P o r t a b l e  w e i g h b r i d g e  and d i a l  i n d i c a t o r
t -iJ
Fig 5 . M b )  T ru c k  b e in g  we ighed a f t e r  th e  wheel  has been 
p o s i t i o n e d  c e n t r a l l y  on th e  w e i g h b r i d g e
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employed is to build a small ramp leading to and from the weighbridge,  
and the level of the other side of the axle is raised by placing a 
solid piece of wood under the wheels so that  the axle is once again 
1 eve 1.
The gross vehicle  weight (GVW) of  the vehic le  is determined by 
summing a l l  the axle loads fo r  that p a r t ic u la r  vehic le .  Also recorded 
at  the axle load s i tes  are the reg is t ra t ion  number, the make and model 
of the vehic le  and the d i rec t ion  of t ra v e l .  As a resu l t  of the low 
t r a f f i c  flows encountered in St. Lucia,  i t  was possible to stop and 
weigh the major ity  of trucks without causing serious delays to the 
t r a f f  i c.
The axle load si tes were si tuated some distance from the veh ic le  
speed s i te s ,  so that the trucks that had been stopped and weighed had 
achieved the ir  'normal1 running speed by the time they reached the 
vehicle speed s i tes .  The location of the axle load s i tes  were care-  
f u l l y  selected so that there were few, i f  any, junctions between them 
and the vehicle  speed s i te s .  This enabled a large proportion o f  the 
weighed trucks to be monitored a t  the veh ic le  speed s i te s .
Several vehicle speed s i tes  were operated simultaneously around 
each axle  load s i t e ,  enabling a larger sample to be collected fo r  
analys is.  By matching the vehicle reg is t ra t ion  numbers, the gross 
weights of the trucks were related to t h e i r  corresponding speeds on 
each test  si te.
The brake horsepower (bhp) of each truck was derived from the 
make and model noted at  the axle load s i te .  The power of the veh ic le  
was stated in terms of bhp in preference to wattage (kW) as the results
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of this study could then be more eas i ly  compared with previous studies  
where bhp had been used. The ra t io  of BHP to GW, expressed as the 
power to weight r a t io  (PW), provided a commonly used and convenient 
description of these vehicle  character is t ics .
5 .4 .4  Results of the surveys
An axle-load survey was conducted a t  a s i t e  f o r  a minimum of one 
week to enable a reasonable quanuty  of vehicles to be monitored a t  the
vehic le  speed test  s i te s .  The observers stationed at  the opposite ends
of a speed test  s i t e  were instructed to ignore any t r a f f i c  t ra v e l l in g
through the s i t e  that  had behaved in an 'abnormal' manner. This
included vehicles that had stopped to pick up or drop e i th e r  passengers 
or goods and vehicles that had been impeded by other vehicles or 
obstacles. In one or two Instances a day's results from .a s i t e  had to 
be disregarded as an obstacle,  such as a broken down veh ic le ,  had 
hindered the passage of vehicles through that s i t e .
These precautions ensured that only f ree-f lowing vehicles were 
monitored. The number of vehicles successfully matched on each s i te  
are given in Table 5 .2 .
Although a tota l  of 20523 car speeds and 13713 l ig h t  vehic le  speeds 
were evaluated for the 56 test  s i te s ,  the mean speed for  each s i t e  was 
used in the analysis of these two vehicle  classes. A l l  4812 truck  
speeds however were used in the analysis of th is vehicle  class, as each 
truck speed was related to the gross vehicle  weight and brake horsepower 
of that truck.
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TABLE 5 .2
Number of vehic le  speeds recorded on each test  s i t e
Si te Cars Light Trucks S i te Cars Light Trucks
No. veh i c l e s .
i
No. vehicles
1 516 239 79 2 463 234 69
3 470 237 75 4 440 230 67
5 2*03 216 63 6 428 216 71
7
COCOe^\ 206 60 8 419 210 72
9 149 11A 42 10 79 82 24
‘ 1 113 128 40 12 99 84 29
13 204 113 55 14 231 100 50
15 398 22k 95 16 378 145 86
17 312 U k 84 18 309 213 98
19 341 281 82 20 393 394 99
21 83 42 16 22 98 77 24
23 377 157 82 24 337 144 . 55
25 380 167 86 26 422 255 106
27 k l l 188 73 28 407 168 95
29 276 147 82 30 280 185 83
31 273 124 106 32 330 187 102
33 229 219 63 34 166 119 47
35 407 235 121 36 347 180 133
37 333 279 82 38 372 384 87
39 861 688 181 40 885 782 197
41 322 176 85 42 323 219 100
43 839 656 181 44 824 735 191
45 20 k 192 54 46 161 109 39
47 287 155 82 48 290 205 97
49 k55 512 89 50 363 352 81
51 733 586 165 52 647 604 156
53 293 134 59 54 267 101 58
55 367 250 114 56 330 180 100
CARS LIGHT VEHICLES TRUCKS
1U1AL NO. 20523 13713 4812
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As the mean speed of cars and l ig h t  vehicles on each s i t e  was used 
in the analysis ,  an investigation of  the qu a l i ty  of data collected fo r  
these two vehic le  classes was conducted. The d is t r ib u t io n  of speeds 
with in  a s i t e  is best presented graphically  by histograms. A histogram 
has been plot ted for  car speeds recorded on three d i f f e r e n t  s i tes  in 
Figure 5.5 and fo r  l ig h t  vehicle  speeds in Figure 5 .6 .
Figure 5.5 showed the small range of car speeds recorded on tes t  
s i te  No. 20 due to the extreme curvature and roughness of the s i t e ,  
whereas a wide range of car speeds was recorded on a r e l a t i v e l y  f l a t ,  
s t ra ig h t  smooth road on tes t  s i t e  No. 3. S imi lar  d if ferences in d is ­
t r ibut ions of l ig h t  vehic le  speeds was i l l u s t r a te d  in Figure 5 .6 ,
The standard deviat ion of the d is t r ib u t io n  of sample means is 
known as the standard error  and is given approximately by.:-
As the d is t r ib u t io n  of sample means l ies  on a normal curve, i t  can 
be shown, using the properties of this curve, that  95 per cent of the 
sample means l i e  w ith in  1 .96 .standard-deviations of the true mean. 
Therefore there is a 95 per cent chance that the true mean of the veh ic le  
speeds on each test  s i t e  l ies  within the range
S.E. a (5 .6 )
v/n"
where S.E. is the standard error
0 is the standard deviat ion calculated fo r  the sample
n is the number of observations in the sample.
x ± 1.96 (S.E.) (5 . 7)
where x is the sample mean speed
(5 .8 )
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Fig.5.5 Distribution of car speeds on test sites in St. Lucia
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Fig.5.6 Distribution of light vehicle speeds on test sites in St. Lucia
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Equation 5.8 can be used to ca lculate  the minimum sample size  
required fo r  the sample mean speed to l i e  w ith in  any specif ied range. 
For example, i f  the sample mean speed was to 1 ie wi thin the range ± 3 km/h 
of the true mean speed, then set t ing  1 . 9 6 ^ ^ \ i n  equation 5.8 equal 
to 3 produces the fol lowing re la t ions h ip : -
-  1.96 . . . . . . .  (5 .9 )mi n  r-----
The minimum sample s ize ,  nmj n> fo r  the sample mean speed to l i e  
with in  ± 3 km/h of the true mean speed fo r  each test  s i t e ,  using 
equation 5 .9 ,  is given in Table 5.3 fo r  the car speeds and Table 5.^  
for  the l ig h t  vehic le  speeds, together wi til the equivalent standard 
deviat ions.
The minimum sample s ize ,  n . , in Table 5.3 was less than the r mi n
number of observations, n for  every test  s i t e .  This indicated that  
there was a 95 per cent chance that the sample mean speed o f  cars lay 
with in  3 km/h of the true mean speed in every case, with the range 
being even narrower in many cases.
S im i la r ly  the f igures in Table 5.^ indicated that the sample mean 
speed of l ig h t  vehicles lay w ith in  3 km/h of the true mean speed fo r  
a l l  except f iv e  of the s i t e s . In four out of the f  ive exceptions the sample 
mean lay w ith in  k km/h of the true mean, with the f i f t h  exception being 
w ith in  5 km/h.
Thus these results c lear ly  indicated that the use of the sample mean 
speeds for  cars and l ig h t  vehicles was an accurate descriptor  of the 
vehic le  speeds on each s i t e .
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TABLE 5 .3
Standard deviation and minimum sample size of  the car 
speeds at  each test s i te
S i te 
No.
Standard
deviation
<7
(km/h)
No. of  
obser­
vations  
(n)
Mi nimum
Sample
s i ze
(n . ) mi n
Si te 
No.
Standard
deviation
a
(km/h)
No. of  
obser­
vations  
(n)
Mi nimum
Sample •
si ze
(n . ) m 1 n
1 16.41 516 115 2 15.60 463 104
3 17.70 470 134 4 15.51 440 63
5 13.45 403 77 6 12.94 428 71
7 15.38 388 101 8 16.65 419 118
9 6.20 149 16 10 4.12 79 7
11 10.76 113 49 12 12.89 99 71
13 20.01 204 171 14 17.46 231 130
15 11.84 398 60 16 14.99. 378 96
17 10.22 312 45 • 18 11.23 309 54
19 4.46 341 . 8 20 4.67 393 9
21 10.99 83 52 22 10.48 98 47
23 15.80 377 107 24 15.24 337 99
25 17.18 380 126 26 13.57 422 77
27 14.86 422 94 28 12.59 407 68
29 7.94 276 29 30 8.53 280 31
31 16.69 273 119 32 16.26 330 113
33 7.79 229 26 34 5.91 166 15
35 13.41 407 77 36 15.24 347 99
37 4.54 333 9 38 4.65 372 9
39 6.20 861 16 40 5.86 885 15
■41 9.81 322 41 42 9.80 323 41
43 12.51 839 67 44 14.84 824 94
45 7.48 204 24 46 6.27 161 17
47 7.43 287 24 48 8 .19 290 29
49 4.52 455 9 50 4.99 363 11
51 8.32 733 30 52 7.80 647 26
53 10.69 293 49 54 15.81 267 107
55 10.48 367 47 56 9.33 330 37
n . = minimum sample size for  sample mean speed to l i e  w i th inmi n
the range ± 3 km/h of the true mean speed.
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TABLE 5 .A
Standard deviat ion and minimum sample size of  the l ig h t  
vehicle speeds a t  each test  s i te
Si te 
No.
Standard
deviat ion
a
(km/h)
No. of  
obser­
vations 
(n)
Hi nimum
Sample
s i ze
(n . ) mi n
Si te 
No.
Standard
deviat ion
0
(km/h)
No. of  
obser­
vations 
(n)
M i nimum
Sample
s i ze
(n . ) mi n
1 1 3 . 3 8 239 82 2 1 5 . 6 7 23A 105
3 1 6 . 2 3 237 112 A 1 5 . 3 7 230 101
5 1 1 . 8 3 216 60 6 1 2 . 5 7 216 67
7 1 5 . 7 3 206 106 8 1 5 . 6 5 210 105
9 5 . 1 7 11A 11 10 5 . 8 3 62 15
11 1 5 .3 0 128 100 12 1A.86 8A 9A ( * 1 )
13 1 5 . 3 8 113 101 1A 1 8 . 8 2 100 151 ( * 2 )
15 12. A1 22A 66 16 1A . 5 5 1A5 90
17 1 1 . 2 2 17A 5A 18 1 0 . 1 5 213 AA
19 5 .0 1 281 5 20 5 . 2 7 39A 12
21 13.81 A2 8 1 ( * 3 ) 22 1 0 . 6A 77 A8
23 1*1.99 157 96 2A 1A.A1 1 AA 89
25 1 7 . 8 6 167 136 26 1 2.81 255 70
27 1 3 . 5 5 188 78 28 1 2 . 9 3 168 71
29 7 .5 1 1A7 2A 30 9 . 5 3 185 39
31 1 7 . 0 9 12A 12 5 ( *  A) 32 1 A. 18 187 66
33 9 . 2 9 219 37 3A 7 . 6 0 119 25
35 1 1 . 3 9 235 55 36 1A.96 180 95
37 A . 52 279 9 38 A . 96 38 A 11
39 6 . A 3 688 18 A0 6 . 0 A 782 16
A1 7 . 9 2 176 27 A2 9 . A 7 219 38
A3 1 1 . 6 8 656 58 AA 1 5 . 3 9 735 101
A5 6 .7 A 192 19 A6 7 . 5 0 109 2A
h i 6 . 2 A 155 17 A8 7 .0 1 205 21
hS 5 . 2 0 512 12 50 5 . 5 9 352 13
51 8 . 0 2 586 27 52 1 6 . 2 6 60A 113
53 1 0 . 7 7 13A A9 5A 1 5 . 5 6 101 103 ( * 5 )
55 8.16 250 28 56 8 . 3A 180 30
nmin = m' n ' mum samp le size for  sample mean speed to l i e  w ith in  
the range ± 3 km/h of the true mean speed.
(*1) n . = 53 “ true  mi n mean 1 ies wi th i n
± A km/h
(*2) n . = 85 -  true mi n mean 1 ies wi th i n i A km/h
(*3) n . = 29 -  true mi n mean 1 ies wi th i n ± 5 km/h
( *A ) n . = 70 -  true  mi n mean 1 ies wi thi  n i A km/h
(*5) n . = 58 -  true mi n mean 1 ies wi th i n i A km/h
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5 .5  Summary
Journey-time measurements, being the appropriate measure of 
vehic le  speed to use in VOC studies, were made on 28 sections of  road 
in both directions using the reg is t ra t ion  number method. These s i tes  
covered a wide range of  road character is t ics :  gradients up to 11 per
cent,  curvature over 1000 degrees/km, roughness up to 13000 mm/km and 
road widths ranging from 4.3 metres to 8.5 metres.
A to ta i  of 20523 cars, 13713 1ight vehicles and 4812 trucks were 
successfully matched on the 56 test  s i te s .  Al l  4812 truck speeds were 
used in the subsequent analysis,  as each truck speed was related to 
the gross vehicle weight and brake horsepower of that  truck. The mean 
speed of cars and l igh t  vehicles on each test  s i t e  was used in the 
analysis.  Consequently an invest igat ion was conducted into the 
accuracy of these mean speeds whi ch were shown to be accurate descr iptors  
of the vehicle  speed on each s i te .
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ST. LUCIA VEHICLE FUEL CONSUMPTION EXPERIMENTS
6.1 Introduction
The fuel consumption of a vehicle  is one of the more important
components of vehicle  operating costs and can account fo r  as much as
13per cent of the to ta l  running cost of a vehic le  . Consequently a 
great deal of research has been conducted into th is  subject,  with  many 
tables,  f igures and relat ionships being produced over the years, fo r  
estimating the fuel consumption of various vehicles in d i f f e r e n t  
environments fo r  a var ie ty  of condit ions.
One of the f i r s t  comprehensive sets of fuel consumption est imating
re la t ionships ,  fo r  use on rural roads in developing countries , was
6em pir ica l ly  derived in the Kenya Road Transport Cost Study . In these 
relat ionships the fuel consumed by d i f f e r e n t  classes of veh ic le  were 
related to road and vehicle  charac te r is t ics .  A s im i la r  invest igat ion  
was undertaken in St.  Lucia with the object ive  of  producing an improved 
set of fuel consumption estimating re la tionships derived over a wider  
range of road character is t ics .
This chapter gives a detai led descript ion of the vehic les ,  
equipment end techniques used in the St.  Lucia fuel consumption 
experiments.
6 .2  Test vehicles
Theoretical considerations indicate that each type of veh ic le  can 
produce a d i f f e r e n t  rate of fuel consumption, which would be impract­
icable to evaluate in an empirical study of th is  nature. For road 
appraisal studies, an accurate estimation of the fuel consumption of
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the various vehicle  classes is required, with time and f inanc ia l  con­
s t ra in ts  putt ing l im i ts  on the number of vehicles in each class that  
can be used as experimental vehicles.  These constraints led to a 
select ion of three vehicles for  the St. Lucia fuel consumption 
experiments.
In the context of vehic le  operating costs,  vehicles are generally  
categorised into four broad classes: passenger cars, l ig h t  vehic les ,  
trucks and buses. In many developing countries there are few i f  any 
buses, with public transport being provided by vans or trucks that  
have been modified to carry passengers. The engine and transmission 
systems of buses and trucks are very s imi lar  and consequently produce 
s im i lar  performances. Thus the three vehicles selected for  the fuel  
consumption experiments in St.  Lucia did not include a bus but these 
were represented in the other vehic le /c lasses.  The three tes t  vehicles  
were:
1) Ford Cortina estate car with a 1.6 l i t r e ,  k cy l inder  petrol engine
2) Ford Transit  van with a 2.0 l i t r e ,  6 cy l inder petrol engine
3) Ford D1010 truck with a 6 .0  l i t r e ,  6 cyl inder  diesel engine
Detailed specif icat ions of the vehicles are given in Table 6 .1 .
As i t  was possible to have only one veh ic le  to represent the 
passenger car class, a Cortina estate was chosen because of  i t s  engine 
s ize .  A 1600c c  engine can be described as being average in capacity  
of many cars on the road in most developing countries , although 
natura l ly  there are cars with substant ia l ly  larger and smaller sized 
engines. Another reason for  choosing this car was that a s im i la r  car 
had been used fo r  the fuel consumption experiments in the Kenya study,  
enabling a d i re c t  comparison to be made of the results from the two 
studies (see Chapter 9 ) .
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Light vehicles are defined as passenger and goods veh ic les ,  other  
than cars, with a gross vehic le  weight not greater than 3000. kgms, and 
include vans, pickups and landrovers. Consequently i t  is more d i f f i c u l t  
to choose one vehic le  to represent such a wide spectrum of vehic les.
In the Kenya study a landrover had been selected to represent the l ig h t  
vehicle  class. However, as landrovers make up only a small percentage 
of l ig h t  vehicles,  a t ra n s i t  van was selected for  the St.  Lucia study 
as being more representative of  th is class of vehic le .
Trucks are defined as a l l  goods vehicles with a gross vehic le  
weight in excess of 3000 kgms. Of the three classes of veh ic le ,  trucks 
have the largest  range of vehicles with a va r ie ty  of gross vehicle  
weights and engine power. As i t  was only possible to purchase a two- 
axled truck because of the f inancia l  constraints of the study, no 
invest igat ion of the fuel consumption of trucks with t r a i l e r s  or 
ar t icu la ted  lo r r ies  was conducted. A Ford D1010 truck was chosen to 
represent the truck class as i t  was s im i la r  in size and engine capacity  
to the Bedford truck used in the Kenya study.
The estate  car was operated in only one load condit ion; that  is 
with two occupants who were a dr iver  and an observer. Light vehicles  
are used to carry passengers or goods weighing up to a to ta l  of over 
1000 kgms. This extra weight w i l l  a f fe c t  the fuel consumption of the 
vehic le ,  thus the t ra n s i t  van was operated in two load condit ions;  
empty and loaded. The gross vehicle weights of the t ra n s i t  were 1.61 
tonnes in an empty condition and 2.60 tonnes when loaded with  sandbags.
Trucks are used to carry a var ie ty  of goods with a much larger  
range of weights. For th is reason the Ford D1010 truck was operated 
in three load conditions; empty, half - loaded and f u l l y  loaded. The
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sandbags used for  loading the t ra n s i t  were placed inside the van and 
were therefore unaffected by weather condit ions such as r a i n f a l l  
soaking into the sand and s ig n i f ic a n t ly  increasing the weight.  As the 
carrying area of the truck was uncovered, sand could not be used, thus 
half -tonne concrete blocks were used as the weights. This involved 
hir ing  a crane to load and unload the concrete blocks, which were 
secured in place so that they did not move whi le  the truck was in motion. 
The gross vehicle  weights of the truck were 4.03 tonnes with no con­
crete blocks on the vehic le ,  7-03 tonnes in the hal f- loaded condition  
and 10.03 tonnes when f u l l y  loaded.
6.3  Fuel measuring equipment
Two types of fuel measuring devices have been commonly used in 
previous VOC studies.
1) Reservoir type
2) Posit ive displacement type meter
A reservoir type device was used in the Kenya study. This device  
consists of a graduated storage tank which is connected by tubes to the 
vehicle  fuel tank and the fuel l ines feeding the engine. The storage 
tank is f i l l e d  pr ior  to a tes t  run commencing and, by using a two-way 
tap, the fuel in the storage tank only is consumed by the veh ic le  during 
the run. The d i f ference between the i n i t i a l  and f in a l  readings in the 
graduated tank gives the fuel consumed during the run. However th is  
type o f  fuel meter can be used only for  measurement of r e l a t i v e l y  small 
quanti t ies  of f u e l .  In the Kenya study, for  example, the storage tank 
consisted of a 250 m i l l i l i t r e  glass measuring cyl inder .
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The pos it ive  displacement type fuel meter operates on the 
p r inc ip le  of displacement and consists of four radial  pistons actuated 
in turn by the head pressure of the l iq u id .  The pistons are linked to 
an eccentrical  v e r t ic a l  crankshaft that  is connected to a counting 
mechanism by a magnetic coupling. This was the type of fuel meter used 
in the St.  Lucia fuel consumption experiments.
There are separate meters for  use with petrol and diesel vehicles.  
One f u l l  rotation of the crankshaft measures 2cc in the petrol meter 
and 4^cc in the diesel meter. Thus an accuracy of £cc in the petrol  
meter and 1cc in the diesel meter is possible.
The ve r t ic a l  crankshaft rod has a magnet attached to i t ,  which is 
polarised a t  two opposite places. Over this magnet an aluminium p la te  
is. held by screws to the body of  the meter. The plate  contains a reed 
switch operating on the 12 v o l t  battery of the car. The ro ta t ion  of  
the magnet generates e le c t r ic a l  pulses through the reed switch, thus 
act iva t ing  the to ta l is e rs  contained in the recording units .
Normally the recording units contained one counter and an on-o f f  
switch. For the St.  Lucia study the recording units were modified to 
include two counters, a two-way switch and an on-of f  switch, which 
enabled fuel consumption to be recorded on consecutive test  sections.  
The to ta l is in g  d ig i t a l  impulse counters that were used had a capacity  
of 60 impulses per second.
The three test  vehicles were instrumented with a Transflow  
posit ive  displacement type fuel meter. For both the car and the 
t ra n s i t  a petrol fuel meter was f ixed on to a board which was bolted  
to the body of the vehicle in the engine compartment. The fuel  pipe
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from the petrol tank to the engine was diverted through the fuel meter. 
The e l e c t r i c  pump of  the vehicle  drew the fuel from the tank and pumped 
i t  to the carburettor through the fuel meter. Thus a l l  the fuel con­
sumed by e i th e r  the car or t ra n s i t  was d i r e c t ly  recorded by the fuel  
meter on the recording units .  Two-way taps were inserted in the fuel  
l ines so that the fuel did not have to pass through the meter when the 
fuel consumption of the vehic le  was not being monitored. Figure 6 .1 (a )  
shows the fuel meter f ixed in the engine compartment of the t r a n s i t  and 
Figure 6 . 1 (b) gives a diagrammatical representation of the fuel measur­
ing system for  a petrol vehic le .
The f i t t i n g  of a fuel meter is more complex in diesel vehicles  
because a l l  the fuel fed to the in jec to r  system is not consumed and 
excess fuel comes back from the engine. A system, as shown in Figure 
6 .2 ( a ) ,  was devised which stopped the excess fuel returning to the 
main tank and consequently being measured more than once by the fuel  
meter.
A day-tank was insta l led  in the fuel 1ine between the engine and 
the main diesel supply tank. The engine fuel pump drew fuel only from 
the day-tank where a constant level was maintained through a f l o a t  
arrangement and to which a l l  recircu lated fuel was returned.
Auxi1iary fuel pumps were required to supply fuel from the main 
diesel tank to the day-tank. This system ensured that the diesel fuel  
meter, placed between the main supply tank and the day-tank, recorded 
only the actual q u a n t i ty  of fuel consumed by the engine.
A diagrammatical representation of  the fuel measuring system for  
a diesel vehicle is shown in Figure 6 . 2 ( b ) .
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Fig. 6.1(a) Petrol fuel meter fitted inside the engine compartment
Fuel Electric Fuel Fuel Carburettor
tank pump filte r meter
"~l
1
X
engine
Fuel lines
Electrical connections
Recording
equipment
Fig. 6.1(b) Diagrammatical representation of the fuel measuring system for a petrol engine
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Fig. 6.2(a) Fuel measuring system used for the diesel powered truck
" “I
Electric
pump
Fuel
meter
Fuel
filte r
Recording
equipment
Fuel
tank
Injector
pump
Constant 
level 
day tank
Injectors
engineFuel lines
Electrical connections
Fig. 6.2(b) Diagrammatical representation of the fuel measuring system for a diesel engine
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The two-way taps inserted in the fuel l ines shown in Figure 6 .2 (a )  
enabled the fuel from the diesel tank to by-pass the measuring system 
when the vehic le  fuel consumption was not being monitored.
6 .4  Steady state  fuel consumption experiments
A series of fuel consumption experiments was conducted by running 
the three test  vehicles at  constant speeds over the 82 tes t  sections 
l is ted  in Appendix I .  These experiments were known as steady sta te  
fuel consumption experiments, as the vehicles were operated over each 
test  section at  a constant speed with no interference from other  t r a f f i c  
on the road.
The three test  vehicles were regular ly  serviced and constantly  
checked to ensure that they were running smoothly. The tyres were con­
s tan t ly  checked to ensure that they were at  the standard recommended 
pressures. Pr ior  to commencing fuel consumption runs on the test  
sections, the engines were run for  some time so that the lubricants  
reached stable temperatures.
A dr iver  and an observer were assigned to each test  veh ic le ,  which 
they operated throughout the duration of the experiments. At the s t a r t  
of the study each of the dr ivers was instructed to dr ive  a l l  three test  
vehicles over a range of test  sections, with d i f f e r e n t  observers to 
monitor the fuel consumption of the vehicles.  No s ig n i f ic a n t  v a r ia t io n  
was detected between the d i f f e r e n t  dr ivers in e i th e r  the speed maintained 
or fuel consumed by the vehicles.  In addit ional  tes ts ,  the author was 
also used as a d r iver  of the estate car and t ra n s i t  van, and as an 
observer in a l l  three test vehicles.  The resul ts from these prel iminary  
tests also indicated that there was no s ig n i f ic a n t  va r ia t io n  between 
drivers when the vehicles were driven at  specif ied constant speeds.
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The fuel consumption estimating re lationships result ing from these 
experiments are intended to be used in evaluating vehic le  operating  
costs. As i t  is un l ike ly  that  the user of  these relat ionships w i l l  
have knowledge of var iables such as dr iver  behaviour, wind ve lo c i ty  or 
the gear in which the vehic le  is dr iven,  these parameters were not 
investigated in the experiments.
Each test  vehicle  was driven at  a series of  constant speeds 
ranging from 16 km/h (10 mph) to the maximum speed a t ta ina b le  by that  
vehicle  on a p a r t ic u la r  tes t  section, a t  increments of 8 km/h (5 mph). 
The observer in each vehicle  was issued with a form, stopwatch and 
recording unit  connected to the fuel meter. The stopwatches, s im i la r  
to the ones used for  the vehic le  speed measurements, had s p l i t  second 
hands and were incremented in units of one hundredth of a minute. The 
recording unit  displayed the fuel consumed by the vehicle in units of  
one thousandth of a l i t r e  (1cc).
As explained in Chapter 3, the 82 test  sections were selected over 
s ix  routes. On each route several of the test  sections were consecu­
t ive ;  that  is the end of one test  section marked the beginning of the 
next section. I t  was possible to do a continuous run over a l l  the tes t  
sections on a pa r t ic u la r  route by making use of the s p l i t  second hand 
on the stopwatch and the two-way switch on the recording u n i t .  As the 
vehic le  passed the end of a test  section, the observer recorded the 
test  section number, the time from the stopwatch and the fuel consumed 
by the vehicle  from the d ig i t a l  counters in the recording u n i t .
Although the dr ivers were instructed to dr ive  at constant speeds, 
in pract ice these discrete speeds were not always achieved precisely  
because of the severe te r ra in  over which the vehic le  was operated.
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Knowing the elapsed time over each test  section from the stopwatch
reading, the actual average speed of the vehicle  was calculated and i t
was this speed that  was used in the analysis.
Six runs were repeated fo r  each test  vehic le  a t  each speed in
both d irect ions on a l l  82 test  sections. As the t ra n s i t  was operated 
in two loac' conditions and the truck in three load condit ions, they 
required considerably more time than the car to complete a l l  the test  
runs. I f  the dr iver  of a test  vehicle  was unable to keep a constant  
speed over the en t i re  length of a test  section due to any hazard on 
the road, then the fac t  was noted by the observer and the relevant  
readings discarded from the analysis.  Of the s ix  runs, the mean vehic le  
speed and fuel consumption of the four most consistent runs were evalu­
ated and used in the analysis.
6 .5  Summary
Three test  vehicles, representing the car,  l ig h t  vehicle  and truck  
classes of vehic le ,  were used in the St. Lucia fuel  consumption exper i ­
ments. Each vehicle  was f i t t e d  with a pos it ive  displacement type fuel  
meter and operated on the 82 test  sections selected for  the study. The 
car was operated in one load condit ion, the t ra n s i t  van in an empty and 
loaded condit ion, and the truck in an empty, half - loaded and loaded 
condit ion.
The test  vehicles were run, in each load condit ion,  a t  constant  
speeds ranging from 16 km/h to the maximum speed a t ta in a b le  by the 
vehicles on each test  section, and the average speed and fuel consump­
tion of each run was recorded. Six runs were repeated at  each speed 
and the mean of the four most consistent runs used in the subsequent 
analys is.
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7. ANALYSIS OF THE VEHICLE SPEED EXPERIMENTS
7.1 In t ro d u c t io n
This chapter contains the 'de ta i led -ana lys is  of  the veh ic le  speed 
experiments conducted under normal t r a f f i c  operating conditions in 
St. Lucia.
The road geometry and surface condition of  the vehic le  speed test  
sites  had been measured accurately with the standard instruments 
described in Chapters 3 and 4, enabling the var iables associated with  
these road character is t ics  to be known precisely .
However there were many variables associated with  the character ­
is t ic s  of  the vehicles and the dr ivers themselves which were not con­
t r o l l e d .  Some of  the var iables are d i f f i c u l t  to quanti fy  espec ia l ly  
those associated with d r iver  behaviour. Variables associated with the 
character is t ics  of  individual vehicles may be easier  to quant i fy  under 
experimental conditions but under the normal t r a f f i c  operating condi­
t ions o f  th is  study the vehicles were categorised into three broad 
groups of cars, l ig h t  vehicles and trucks.
One of  the objectives of  the Caribbean VOC study was to provide 
reasonably accurate vehicle  speed estimating re lationships to be used 
when making investment decisions concerning rural roads in developing 
countries.  The users of  these re la tionships are u n l ik e ly  to have 
knowledge of variables associated with the charac te r is t ics  of  e i th e r  
the dr ivers  or individual vehicles.  For this reason no attempt has 
been made to include these var iables in the analysis apart from 
analysing separately the three classes of vehic les.
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The observations of  the vehicle  speeds were made under f re e - f lo w  
condit ions as the re lationships are intended to be used on low volume 
rural roads where such conditions apply.  Generally on low volume 
rural roads vehicle  speeds are not af fected by the volume of  t r a f f i c  
on the road as there is very l i t t l e  inte raction between vehic les.  
Therefore the e f fe c t  of  vehicle  f low on speed was not considered in 
th is  analysis.
Standard least  squares regression analysis was employed fo r  the 
analysis of the vehicle  speed data.  This technique o f  analysing data 
is discussed in Appendix IV. The results o f  the analyses are discussed 
ind iv idua l ly  for  each vehicle  class. The deta i led  descr ipt ion o f  the 
analysis of the car speed data is repeated in the analyses o f  both the 
l ig h t  vehicle  and truck speed data.  This method o f  analysis enables 
the speeds of each vehicle class to be examined ind iv idu a l ly  and also  
shows the varying e f fe c t  of  each parameter in the three veh ic le  types.
7.2 Analysis of car speeds
As mentioned in Chapter 5 the mean speeds of  cars have been c a l ­
culated for  each of the 28 sections of  road in both d irect ions and these 
56 mean values have been used as the dependent var iab le  in the regression 
analysis.  The independent variables considered in these analyses were 
the geometry and surface condition of  the road, namely the r is e ,  f a l l ,  
curvature, road width and surface roughness of  each test  s i t e .
Since the mean speed of  the cars was used as the dependent var iab le  
i t  is s t a t i s t i c a l l y  correct in th is s i tua t ion  to employ weighted 
regression analysis to avoid the p o s s ib i l i t y  of exaggerating the implied 
s t a t i s t i c a l  strength of the independent var iab le  c o e f f ic ie n ts .  Weighted 
regression analysis is discussed in d e ta i l  in Appendix IV.
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The mean car speed weighted by the inverse of  i t s  variance was 
used in the analysis.  Table 7 1 l i s t s  the weighting factor  used for  
each mean car speed, together with the mean speed for  the 56 s i te s .
The road character is t ics  of  these 56 test  s i tes  are given in Appendix 
I I I .
The weighting factors ranged from values that were less than one 
to values that were over twenty with the high values tending to occur 
on s i tes  that had a road parameter that  was severe. For example, s i tes  
19 and 20 had a curvature of 1099 degrees/km which resulted in the 
range of  observed car speeds being low and thus producing high weight­
ing factors of 17*1^ and 18.03 respect ively.
Although weighted regression technique was used to analyse the 
car data,  several 'unweighted' analyses were carr ied out to invest igate  
the e f fe c t  of  using these weighting factors .
Table 7.2 gives the simple corre la t ion  matrix of the dependent 
(speed of  cars) and independent var iab les.
High corre la t ion  between the dependent and each of the independent 
variables is des irable  i f  strong causal re lationships are to be estab­
l ished. However, strong correlat ions between independent var iables  
suggest multicol 1inear i ty  which may resul t  in unre l iable  estimates of  
the separate e f fec ts  of the correlated independent var iab les .  The 
e f fe c t  of  each road character is t ics  on the speed of cars is discussed 
below.
7.2.1 Effect  of  gradient
The corre lat ion  coe f f ic ien ts  between speed and gradient ( r i s e  and 
f a l l )  given in Table 7.2 were not very high. This was demonstrated
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TABLE 7.1
W eighting fa c to rs  fo r  mean car speeds
Si te  
No.
No. o f  
observations
(n)
Variance
(o2)
Weighting
fa c to r
K 2 >
Mean
speed
(V)
(km/h)
Si te 
No.
No. o f  
observations
(n)
Variance
(a2)
Weighting
fa c to r
< " /c 2 >
Mean
speed
(V)
(km/h)
1 516 269.2 1.92 6 2 .8 2 463 243.3 1.90 6 7 .4
3 470 313.4 1 .50 62 .8 4 440 240.6 1 . 83 6 1 .9
5 403 181.0 2 .23 58.4 6 428 167.5 2 .56 55 .3
7 388 236.5 1.64 6 0 .2 8 419 277.2 1.51 6 3 .0
9 149 38.4 3 .92 36.4 10 79 17.0 4 .6 5 36.4
11 113 115.7 0 .98 49.2 12 99 166.2 0 .6 0 4 9 .2
13 204 400.6 0.51 70.3 14 231 304.7 0 .76 7 1 .7
15 398 140.2 2 .84 6 3 .O 16 378 224.8 1 .68 6 6 .4
17 312 104.5 2 .99 53-0 18 309 126.1 2 .45 5 5 .3
19 341 19.9 17.14 30.1 20 393 21.8 18.03 29 .7
21 83 120.7 0 .69 56 .5 22 98 109.9 0 .8 9 5 5 .0
23 377 249.6 1.51 66 .3 24 337 232.3 1.45 70 .8
25 380 295.1 1 .29 69 .9 26 422 184.2 2 .2 9 6 2 .3
27 422 220.9 1:91 63-3 28 407 158.4 2 .57 59.1
29 276 63.1 4 .37 49.0 30 280 7 2 .8 3 .85 49-7
31 273 278.4 0 .98 63.4 32 330 264.3 1.25 6 6 .6
33 229 6O.7 3 .77 37.4 34 166 34.9 4 .7 6 3 5 .9
35 407 179.7 2 .26 60 .2 36 347 232.2 1.49 63 .3
37 333 20.6 16.16 28.4 38 372 21.6 17.22 27 .4
39 861 38.4 22.42 36.5 40 885 34.3 25 .80 36 .4
*n 322 96.3 3.34 49.6 42 323 96.1 3 .36 53 .5
43 839 156.6 5 .36 48.6 44 824 220.1 3 .7 4 54 .5
45 204 5 6 .0 3.64 35.2 46 161 39.3 4 .1 0 37.6
47 287 55 .2 5 .20 41 .7 48 290 67.1 4 .3 2 4 7 .2
49 455 20.4 22 .30 26 .0 50 363 24 .9 14.58 2 6 .8
51 733 69.3 10.58 40.5 52 647 6 0 .8 10.64 4 1 .7
53 293 . 114.3 2 .56 50 .4 54 267 250.1 1 .07 5 9 .3
55 367 109.9 3 .34 43.5 56 330 87 .0 3 .79 4 4 .2
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TABLE 1.1
C o rre la t io n  m a tr ix  o f  the car speed data
Ri se Fall Curvature Roughness Width Speed
Ri se 1.0
Fall -0.504 1.0
Curvature 0.215 0.215 1.0
Roughness 0.125 0.101 0.704 1.0
Width -0.018 -0.018 -0.482 -0.754 1.0
Speed -0.282 -0.179 -0.874 -0.785 0.740 1.0
graphica lly  in Figure 7.1 which shows a p lot  of  the car speeds against  
ri  se and f a \ 1.
There was a s l igh t  tendency for the car speeds to decrease as the 
gradient increased but a large scatter  of speeds existed fo r  a small 
range of gradients.  The speed of vehicles t r a v e l l in g  downhill would be 
expected to be greater than the speed of  those t ra v e l l in g  u p h i l l .  In 
the major ity  of  cases, shown in Figure 7.1» the d i fferences in speed 
between the two directions of travel were small,  with the speed on 
several uphil l  sections being marginally greater  than the speed on the 
equivalent downhill section.
The speed of cars was not af fected by gradient to the same extent  
as was the speed of  other vehicle  classes, as is shown la te r  in the 
analysis of l ig h t  vehicles and trucks. This resulted in a wide range 
of car speeds on most s i tes due to other var iab les ,  such as d r iv e r  
behaviour, having a stronger influence which in some cases resul ted in 
s l ig h t ly  higher mean speeds on an uphil l  section than on a downhill  
section Of the road.
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The most obvious ' o u t l i e r s 1 in Figure 7*1 were the speeds of  cars 
on s i tes  19 and 20 (gradient of 3-27 per cent) .  Although the gradient  
on th is  section of  road was not severe the other parameters of  the road 
geometry were extreme. The curvature was 1099 degrees/km, the roughness 
was over 10,000 mm/km and the width was 5.0 metres. S im i la r ly  low speeds 
were recorded on s i tes  9 and 10, 33 and 3A, 37 and 38 , and AS and 50 
(gradients of  0 per cent,  6.56  per cent,  8.6A per cent and 9.96 per 
cent respect ive ly ) ,  where the other road parameters o f  these s i tes  were 
also extreme.
Although these points appeared to be 'o u t l i e r s '  when p lo t ted  
against gradient ,  they were not oddit ies caused by experimental e r r o r ,  
and are "explained" by the other road character is t ics .  This is shown 
in the fol lowing sections of this chapter.
No one single road ch a rac te r is t ic  can explain e n t i r e ly  the 
var ia t ion  in vehicle speed but a plot  of speed against each parameter 
i l lu s t r a te d  the form of re lationship  that existed between the two 
var iab les.
A weighted regression analysis on the speed o f  cars a l te red  the 
values of tha corre lat ion  coe f f ic ien ts  given in Table 7 .2 .  The 
corre la t ion  coe f f ic ien ts  between r ise and speed, and f a l l  and speed 
in a weighted regression analysis were -0.187 and - 0.103 respect ive ly .
I n i t i a l l y  the separate e f fe c t  of r ise and f a l l  on car speeds was 
investigated.  The car speed data was divided into two groups o f  28 
speeds recorded on posit ive gradients and 28 speeds recorded on negative  
gradients.  The resul t ing relat ionships from a l inear  weighted regres­
sion analysis are given below with the ' t 1 value for each regression
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co e f f ic ie n t  shown in hrackets.  The percentage var ia t ion  accounted fo r
2by the var iables in each equation (R ) is also given.
V = **9.6 -  0.1**7RS 9
(“2 .3)  R = 0.13** * ........................  ;
V = **9.2 -  0.132F 0
( -1 .9 )  R = 0.087   K1 }
where V is the speed of cars measured in Km/h
RS is the r ise measured in m/km
F is the f a l l  measured in m/km
The regression co e f f ic ie n t  of  RS in the equation 7*1 was s i g n i f i ­
cant a t  the 5 per cent leve l ,  explaining 13.** per. cent of  the v a r ia t io n  
in car speeds on posit ive gradients.  The regression c o e f f ic ie n t  o f  F 
in equation 7.2 was s ig n i f ican t  a t  only the 10 per cent level and 
explained 8.7 per cent of the var ia t ion  on negative gradients.  These 
low R^  values were a re f lec t ion  o f  the large scatter  of speeds p lot ted  
in Figure 7.1•
In the next stage of  the analysis the non-1inear e f fe c t  of  the two 
components of gradient on car speeds was invest igated.  Quadratic and 
logarithmic functions were used in separate weighted regression analyses.
The results of these analyses are given below with the 11 1 values 
of the regression coe f f ic ien ts  shown in brackets and the symbols used 
are as given before.
V = 50.1 -  0.178RS + 0.00027(RS)2 9 ( l  ^
( -0 .6 )  (0 .1) R -  0.099 ............
log V = 3.86 -  0.0033RS 9 , 7 h)
( - 2 . 1 )  R = 0 . 1 1 0    '
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V = 51.7 " 0.283F + 0.00135(F)2 
( -0 .9 )  (0 .5) R2 =  0 . 0 6 0 ( 7 . 5 )
log V = 3.81t -  0.0028F 
6 ( -1 .7 ) R2 = 0.063
(7 .6 )
Equations ~J.k and 7.6 were wr i t ten  as logarithmic functions of  
V which was equivalent to expressing the gradient  as an exponential
Neither the quadratic nor the exponential formats of  gradient
improved the percentage of  var ia t ion  explained by e i th e r  o f  the two
components of gradient in any of the above four equations. As the
2
l inear  format of  r ise and f a l l  gave the highest R values in equations
7.1 and 7.2 respect ive ly ,  the data from both pos it ive  and negative  
gradients were combined and analysed only in a l inear  format.
The re lat ionship  derived from a l inear  weighted regression analysis  
using the data from a l l  56 test  s i tes  is given below with the 11 1 values 
shown in brackets and the symbols used are as given before.
The ‘ t 1 values of the regression coe f f ic ien ts  in equation 7*7 
increased from the values in equations 7.1 and 7.2  with the c o e f f ic ie n ts  
of RS and F both being s ig n i f ican t  a t  the 5 per cent level and e xp la in ­
ing 11.1 per cent of the var ia t ion  in car speeds.. Equation 7-7 was a 
combination of equations 7.1 and 7.2 since the regression constant and 
both regression coe f f ic ien ts  remained v i r t u a l l y  unaltered in these 
equations.
function of  speed ( i . e .  loge (y) = x is equivalent to y = eX)
V = kS. k  -  0.145RS -  0 . 1 3 ^
( -2 .9 )  ( -2 .6 ) R2 = 0.111 (7.7 )
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Thus the two components of gradient ,  r ise and f a l l ,  had a small but 
s ig n i f ic a n t  e f fe c t  on the speed of cars, with the l inear  format of these 
var iab les ,  as expected, adequately describing th is  e f fe c t .
7.2.2'  Ef fect  of  horizontal curvature
The corre la t ion  c o e f f ic ie n t  between car speeds and horizontal  
curvature given in Table 7.2 had a high value o f  -0.87*1 which indicated  
that  curvature had a strong influence on the speed of  cars. These 
speeds have been plotted against curvature in Figure 7.2 and i l l u s t r a te d  
the strong tendency for  speeds to decrease as curvature increased.
For each value of curvature, two speeds have been p lo t ted ,  one for  
each d irect ion  of  t ra v e l .  The magnitude o f  the dif ferences in speed 
between the two direct ions of  travel  in most cases were small ,  emphasis­
ing again the r e la t i v e ly  weak e f fe c t  of gradient .  In the p lo t  of  car 
speeds against gradient in Figure 7 * 1 'the most obvious ’ o u t l i e r s ’ were 
the speed of cars on s i tes  19 and 20 where the gradient was 3.27  per 
cent.  I t  is in te resting to note that  th is pair  of points no longer 
appeared to be ’o u t l i e r s 1 when plot ted against curvature in Figure 7-2 
as the low speeds recorded on these s i tes  were due to the high curvature 
of 1099 degrees/km.
The corre lat ion  co e f f ic ien t  between speed and curvature in a 
weighted regression analysis was -0 .918 .  The re la t ionship  produced 
from a l inear  weighted regression analysis is given below with  the ’ t 1 
value shown in brackets.
V = 63.1 -  0.0335C 9 R)
( - 1 7 .0 )  R = 0 .840   }
where V is the speed of cars measured in km/h
C is the horizontal curvature measured in degrees/km.
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Equation 7.8 s t a t i s t i c a l l y  was far- stronger than any of  the speed/ 
gradient re lationships,  with curvature explaining 84.0 per cent of  the 
var ia t ion  in the speed o f  cars. This equation was plotted in Figure
7.2  together with the equivalent ordinary regression equation fo r  the 
same data without using the weighting fac to rs .  This 'unweighted' 
regression equation is given below.
V = 65.2 -  0.0358C , x
( -13-3 )  R = 0.760 --- * . K / ' ^ }
Although the two equations appeared to be verv s imi lar  when plotted
in Figure 7 -2 ,  the weighted regression equation was s t a t i s t i c a l l y
2 2 stronger as i t  had an R value of 0.840 compared with an R value of
O.76O for  equation 7*9.
As in the analysis of  gradient ,  the e f fe c t  of  curvature in a non­
l inear  format was investigated. The result ing equations from a 
weighted regression analysis are given below with the 1t ' values given
in brackets and the symbols used are as given before.
V = 65.5  -  0.0451 C + 0.000009(C)2 0 in x
( -5 .3 )  ( 1 . 2*) R = 0.843  U . i u ;
log V = 4.2 -  0.0008C 0 ( -j
( -17 .6 )  R2 = 0.848 . (7<11)
The regression coe f f ic ien t  of the quadratic term in C in equation
7.10 was not s t a t i s t i c a l l y  s ig n i f ican t  whereas the logarithmic function
used in equation 7*11 was marginally bet ter  than the l inear  format used
2in equation 7.8 with s i ig h t l y  higher 1t 1 and R values.
Both the l inear  and logarithmic functions have been plot ted  in 
Figure 7*3 which i l lu s t r a te d  the s im i la r i t y  between the two re la t ionships
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The maximum differences between the two*estimating equations occurred 
at  low values of curvature with the d i fferences being of the order of
3.5 km/h or less .
The analysis of horizontal curvature showed that  i.t has a large  
and s ig n i f ic a n t  e f fe c t  on the speed o f  cars. The use of e i th e r  a l inear
or logarithmic function adequately described th is  e f fe c t  with the l a t t e r
format explaining 84.8 per cent of  the var ia t ion  in the speed of  cars 
as compared with 84.0 per cent using the 1 inear format.
7 .2 .3  E f fect  of road roughness
The corre lat ion  co e f f ic ien t  between speed and road roughness given 
in Table 7*2 was -0.785 which indicated a strong re la t ionship  between 
the two var iables.  The car speeds have been plotted against road rough­
ness in Figure 7 .4 .  Although there was a high scatter  of  speeds for  the 
lower values of roughness, there was a d is t in c t  tendency for  the speeds 
to decrease as the roughness increased, p a r t ic u la r l y  beyond 4500 mn/km.
A l inear  weighted regression analysis of  car speeds against rough­
ness produced the fol lowing re lat ionship  with the ' t 1 value shown in
brackets.
V = 56.2 -  0.00247k ' , 7
( - 9 . 7) R = 0.630  ...............................
where V is the speed of  cars measured in km/h
R is the road roughness measured in mm/km.
Equation 7*12 was s t a t i s t i c a l l y  stronger than the equivalent
gradient re la t ionship ,  equation 7 .7 ,  but not as strong as the curvature
re la t ionship ,  equation 7*8.  In equation 7.12 roughness explained 63 .0 
per cent of the var ia t ion  in the speed of cars.
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This equation was plot ted in Figure 7.4 together with the regres­
sion equation derived without using the weighting factors .  The ordinary  
’ unweighted* regression equation is given below with the 1t 1 value 
shown in brackets.
V = 67.0 -  0.00346R 9 .
( - 9 . 3 )  R = 0 .6 0 9   * ................. W - i J J
Equation 7.13 appeared to f i t  the data bet ter  than equation 7.12
in Figure 7*4 but s t a t i s t i c a l l y  the la t te r  equation was stronger as i t
2had higher , t* and R values.
The nori-1inear weighted regression analyses produced the fo l lowing  
re lationships with the 1t 1 value shown in brackets and the symbols used 
are as given before.
V = 69.2 -  0.00736R + 0.0000003(R)^ 0 /_
( -3 .8 )  (2 .6) R = 0.664 :
log V = 4.06 -  O.OOOO63R 9 /7 - j-\
e ( ” 12.3) R = O.73O • • * * *
The use of a quadratic term in roughness in equation 7*14 improved 
2the R value of  the equation when compared with equation 7.12 but
reduced the 1t 1 values of the regression c o e f f ic ie n ts .  The logari thmic
2function in equation 7*15 increased both the 1t 1 and R values when 
compared with equation 7.12.
The l inear  and logarithmic funct ions, given in equations 7.12 and 
7.15,  have been plotted in Figure 7 .5 .  As In the p lot  against hor izon­
tal  curvature in Figure 7.3> the di fferences between the estimates from 
the two types of re lationships were small with the maximum d if ferences  
being approximately 2 km/h.
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The analysis of  road roughness showed that i t  had a s ig n i f ic a n t  
e f fe c t  on the speed of cars, p a r t ic u la r l y  above a value of  4500 mm/km. 
The use of  e i th e r  a l inear  or logarithmic function adequately described 
th is  e f fe c t  with the l a t t e r  format producing a s t a t i s t i c a l l y  stronger  
re la t ionship .  . •
7 .2 .4  Effect  of road width
The corre lat ion  co e f f ic ie n t  between speed and road width given in 
Table 7*2 was 0.740 which again indicated a strong re la t ionsh ip  between 
the two var iab les.
A l inear  weighted regression analysis of  the speed of  cars against  
road width produced the fol lowing equation with the ' t 1 value shown in 
brackets.
V = -9 .7  + 8.5W ? (1
(10 .6 )  R = 0.668 ...................  U * 1b'
where V is the speed of cars measured in km/h 
W is the road width measured in metres.
S t a t i s t i c a l l y  equation 7*16 was stronger than both the gradient  
and roughness relationships (equations 7*7 and 7*12 respect ive ly )  but 
not as strong as the curvature re lat ionship  (equation 7 *8 ) .  In 
equation 7.16 width explained 66.8 per cent of the v a r ia t io n  in the 
speed of cars.
I t  was not appropriate to p lot  a r e a l i s t i c  graph of  speed against  
road width as the width was the same for  several s i te s .  A more reason* 
able approach would be to invest igate the var ia t ion  in speed fo r  
several ranges of road width. Table 7*3 l i s t s  the average speed of  
cars for si tes divided into three groups according to th e i r  road widths.
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TABLE 7.3-
Average car speeds for  three groups of  road widths
Road width (metres)
W ^5.0 5.0<W<7.0 W ^7.0
Group No. 1 2 3
Number of si tes 14 14 28
Average road width 
(metres) 4.6 6.3 7.6
Average car speed 
(km/h) 34.7 53.6 58.0
Standard deviation  
of car speeds 
(km/h)
7.45 10.79 8.86
There was a large increase of  18.9 km/h in the average speed of  
cars between the f i r s t  and second groups of  s i tes  but a much smaller  
increase of 4 .4  km/h between the second and th ird  groups. This tended 
to indicate that the e f fe c t  of road width on car speed was not uniform, 
with road widths of less than 5.0  metres having a large e f fe c t  on the 
speed of cars, but beyond 5 .0  metres having a smaller e f f e c t .
To derive accurate speed reduction factors for  'narrow' roads 
only, the e f fe c t  of road width needs to be isolated.  Normally narrow 
roads tend to be unimportant roads and consequently are not maintained 
to the same standard as the wider more important roads. This results  
in narrow roads generally having a higher level o f  roughness as is 
shown by the high corre lat ion  coe f f ic ien t  of - 0 . 7 5 b  between road 
width and roughness given in Table 7 .2 .
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An a l te rn a t iv e  to using speed reduction factors as an indicat ion  
of the e f fe c t  of road width, would be to establ ish  a continuous 
function of  the width var iable  which had a large e f fe c t  on narrow 
roads but reduced as the road width increased. A su i tab le  format of  
the road width var iab le  can be expressed as follows:
where V is the speed
W is the road width
e is the exponential constant (2.7183)
a ,b ,k  are constants.
I t  is not possible to estimate the values of  a,  b and k using the 
method of least squares because of  the unknown value of k in the 
exponential format of the funct ion.  However, estimates of  these con­
stants can be achieved by an optimising method using an i t e r a t i v e  pro­
cessing technique. This technique is described in d e ta i l  in Appendix IV.
The re lationship  produced using th is  method is given below.
Equation 7*18 has been plotted in Figure 7.6 together with the 
average car speeds for the three groups of road widths given in Table 
7.3* The equivalent l inear  regression equation (not weighted) has 
also been plotted in Figure 7*6.  This equation is given below with  
the ' t 1 value given in brackets.
V = a + bekW (7 . 17)
(7 . 18)
V = 0 .7  + 7.7W 
(8 . 1) R2 = 0.539 (7 .19)
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Over the range of road widths encountered in the St. Lucia study 
(4.3m to 8.5m), the two relat ionships plotted in Figure 7.6 did not 
predict  vas t ly  d i f f e r e n t  estimates of  speed. However, the re la t ionsh ip  
with the exponential  term had the tendency to increase the speeds a t  a 
slower rate fo r  higher vaiues of  road width, reaching an asymtote of
85.3 km/h when extrapolated to large values of  width.
7 .2 .5  Mult ip le  regression analysis
In the next stage of the analysis combinations of  several var iables  
were entered into the weighted regression analysis .  The l in e a r  format 
of  each var iab le  was generally  used in th is  analysis for  the fo l lowing  
reasons. F i r s t l y ,  in the analysis o f  the individual var iables a 
l inear  format had been shown to adequately describe the e f fe c t  of each 
var iab le .  Secondly, the f in a l  estimating relat ionships w i l l  be used 
by highway engineers and planners who-may not have access to computer 
models containing the VOC relationships.  Having the re lationships  
in a simple format enables the users to apply them more e a s i ly  without  
the need o f  computers.
Although a l inear  format of each var iab le  was used, several other  
analyses using non-l inear  functions have also been carr ied out to 
i l l u s t r a t e  the differences in the accuracy o f  the two types of  r e l a t i o n ­
ships.
The corre lat ion  coe f f ic ien ts  between the gradient ( r is e  and f a l l )  
and the other road parameters (curvature, roughness and width) l is te d  
in Table 7*2 were low. Therefore curvature, roughness and width were 
each, in turn, regressed against speed together with r ise and f a l l ,  
i n i t i a l l y  in a l inear  format. The resul ts of th is analysis are given
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below with the ' t 1 value for  each regression co e f f ic ien t  shown in 
brackets. The va r ia t ion  accounted for  by the variables in each equa- 
t ion (R ) is also shown and the symbols used are as given before.
V = 66.7 “ 0.073RS “ 0.058F -  0.032C 0 . *
( -3 .6 )  ( -2 .9 )  ( -17 .5 )  R = 0.868   '
V = 63.2 -  0.112RS -  0.107F -  0.00237R 9 (n
0*3.8) ( -3 .6 )  ( -10 .4 )  R = 0.708 .........  v / . ^ u
V = - 0 . 2  -  0.108RS -  0.102F + 8.16W D2 n n . . . . .  (7.22)
( -3 .9 )  ( -3 .6 )  (11.4) R = ° - 7Z*°
In the above three equations a l l  the regression coe f f ic ie n ts  were 
s t a t i s t i c a l l y . h i g h l y  s ig n i f ican t  a t  bet ter  than the 1.0 per cent le v e l .  
Equation 7*20 was s t a t i s t i c a l l y  the strongest re lat ionship  between 
speed and road geometry with r is e ,  f a l l  and curvature explaining 86.8  
per cent of the var ia t ion  in speed.
The corre la t ion  co e f f ic ie n t  between the independent var iab les ,  
curvature(C) , roughness(R) and width(W) l is ted  in Table 7.2 were high.  
They were 0.704 between C and R, -0.482 between C and W and -0 .754  
between R and W.
In a weighted regression analysis these values increased to 0.745  
(C and R) , -0.653 (C and W) and -0.807 (R and W). These high values 
prevented the inclusion of  a l l  three var iables in the regression 
equation. This was demonstrated by i n i t i a l l y  including C, R and W in 
pairs with the gradient and then combining a l l  three var iab les  with the 
gradient in a multip le  l inear  weighted regression analysis.  The 
relationships derived from this analysis are given below with the ' t 1 
values shown in brackets.
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V = 67.6  -  0.078RS -  O.O67F -  0.024C -  0.00087R
( -4 .6 )  ( - 3 . 8) ( -10 .3 )  ( -4 .4 )  • • . • • • • •  t / - z 3;
R2 -  0.903
V = 36.7 -  0.076RS -  0.065F -  0.026C + 4.09W , 7 ' M
( -7 .0 )  ( -5 .8 )  ( -17 .3 )  (11.3) • • • • • • •
R2 *= 0.961
V = 25.9 -  0.106RS -  0 .101F -  0 .00117R+ 4.99W
( -4 .3 )  ( -4 .0 )  ( -3 .6 )  (4 .6 )  * ............ U ' 25)
R2 = 0.789
V = 36.4 -  0.076RS -  0.064F -  0.026C + 0.00002R + 4.13W (n
( -6 .9 )  ( -5 .7 )  ( -15 .0 )  (0 .1 )  (8 .7 )  •* U  }
R2 = 0.961
In equation 7.23,  7.24 and 7.25 a l l  regression co e f f ic ien ts  were 
s t a t i s t i c a l l y  highly s ig n i f ic a n t  at be t te r  than the 0.1 per cent l e v e l .  
Equation 7*24 was s t a t i s t i c a l l y  the strongest re la t ionship  of  the 
three with the independent variables accounting for 96.1 per cent of  
the var ia t ion  in car speeds. The omission of  curvature in equation 
7.25 weakened the strength of a l l  the other regression c o e f f ic ie n ts
2
when compared with equations 7*23 and 7.24 as well  as reducing the R 
value by more than 10 per cent.
Equation 7.26 included curvature, roughness and width which pro­
duced an unstable re lat ionship .  The influence of roughness was 
suppressed by curvature and width, making the regression c o e f f ic ie n t  
for  roughness in s ig n i f ic a n t .  The regression c o e f f ic ie n t ,  in th is  case,
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assumed a pos it ive  value indicating that speeds increased as the 
roughness increased which is contrary to the re lationships established  
between speed and roughness shown in Figures 7 .k  and 7 .5 .
Equation 7 - I k  was the best re lationship  derived using a l l  the 
s t a t i s t i c a l l y  s ig n i f ic a n t  variables to explain the behaviour o f  car  
speeds. This equation however included road width as a l in e a r  para­
meter.
An a l te rn a t iv e  way of  expressing the width parameter was in a 
negative exponential format (see equation 7-18 in section 7 . 2 .A).  
Having derived the value of  k as -0.213 in equation 7.18 the width 
var iab le  expressed as e 0 . 213W wag input into a mult ip le  weighted 
regression analysis together with the var iables r is e ,  f a l l  and 
curvature.
The result  o f  th is analysis is given below with the 1t 1 values of  
the regression coe f f ic ien ts  shown in brackets.
V = 80.3 -  0.075RS -  0 . 06^F -  0 . 0 2 3 C -  6 5 .3e " ° - 213w . . . . .  (7.27)
( - 6 . 8) ( - 5 . 7) ( - 17. 6 ) ( -10 .8 )
R2 = 0.959
Al l  the regression coe f f ic ien ts  in equation 7*27 were s t a t i s t i c a l l y
highly s ig n i f ican t  at better  than the 0.1 per cent leve l .  Comparing
equation 7.27 with equation 7*2k showed that there was l i t t l e  d i f fe rence
between using the width var iab le  in a l inear  or negative exponential
2format with the l inear  format producing a s l ig h t l y  better  R value of  
O.96 I for the equation and a higher ' t 1 value for  the width v a r ia b le .
The estimates of car speeds from equations 7.2k and 7.27 on a f l a t ,  
stra ight  road ( i . e .  RS, F, C , = 0 )  for varying road widths have been
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tabulated in Table 7.4 for the range o f  widths encountered in the 
St. Lucia study.
TABLE 7.4
Estimates of car speeds using l inear  and negative 
exponential formats of the width variable'
Road width 
(metres)
Car Speed (km/h)
Linear format 
(equation 7.24)
negative exponential  
format 
(equation 7 . 27)
4.3 54.3 54.2
5 .0 57.2 57.8
6 .0 61.2 62.1
7.0 65.3 65.6
8.5 71.5 69:6
The differences between the two estimates from equations 7-24 and 
7.27  were small with the maximum d if ferences,  of less than 2 km/h, 
occurring at the higher values of road widths.
In the analysis of  the individual road parameters a logari thmic  
function of speed had been used which, in most cases, tended to s l i g h t l y  
improve the s t a t i s t i c a l  signif icance of the equation in comparison to 
the l inear  format. S im i la r ly  a logarithmic function was used in the 
multip le  weighted regression analysis.
The relationships derived from this analysis are given below with  
the ' t 1 values shown in brackets and the symbols used are as given 
before.
log V = 4.30 -  0.0016RS -  0.0014F -  0.00051C
e ( - 5 . 1) ( - 4 . 2 ) ( - 11. 5 )
0.000030R
(8 . 2 ) (7 .28)
R = 0.941
20 6
log_V = 3.50 -  0.0015RS -  0.0012F -  0.00053C + O.IO^W , ,
( -7 .2 )  ( -5 .7 )  ( -20 .8 )  (1^.6) • • • •
R2 = 0.97*1
log V = 3.68 -  0.0016RS -  0.0013F -  0.000ii8C -  0.000012R + 0.082W 
6 ( - 3 . 8) ( -7 .1 )  ( - 18. 9) (-1). 5 ) ( 10.4)
  (7.30)
R2 = 0.981
In the above three equations a l l  the regression coe f f ic ien ts  were 
s t a t i s t i c a l l y  highly s ig n i f ic a n t  at  bet ter  than the 0.1 per cent leve l .  
Comparing these three equations with the equivalent equations using a 
l inear  format of  speed (equations 7 . 23> 7.24 and 7 . 26) showed that  in 
each case the logarithmic function produced a s t a t i s t i c a l l y  stronger  
re lat ionship .
The inclusion of the var iables r is e ,  f a l l ,  curvature, roughness 
and width in a weighted regression analysis with speed in a l inear  
format produced an unstable re lat ionship  (equation 7 .2 6 ) .  However, 
th e i r  inclusion with speed in a logarithmic format produced a highly  
s ig n i f ic a n t  re lationship  (equation 7 *30) with the var iables expla ining
98.1 per cent of  the var ia t ion  in car speeds.
7 . 2.6 Investigat ion of  car speed estimating re lationships
A number of s t a t i s t i c a l l y  s ig n i f ican t  re lationships for  est imat ing  
car speeds were derived from the St. Lucia data. They included the 
speed var iab le  in a l inear  and logarithmic format with d i f f e r e n t  com­
binations of  the road charac te r is t ic  var iab les .  The use of  speed in a
2logarithmic format produced equations with the highest R values and 
curvature was the most s ig n i f ican t  independent var iab le  accounting fo r  
the largest percentage of var ia t ion  in car speeds.
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When the dependent var iable  of  speed was used in a l in e a r  format,  
s t a t i s t i c a l l y  the best re lat ionship  derived was equation 7.24 which
included r is e ,  f a l l ,  curvature and width as l inear  independent var iables.
6 28However, research in Kenya * had shown that speed was not a continuous 
function of road width but that  the d is t r ib u t io n  of road widths in 
developing countries tends to be bi-modal with two d is t in c t  groups of  
'narrow1 and 'wide'  roads. The speed estimating re lationships from 
Kenya included speed reduction factors for  'narrow' roads which were 
c lass i f ied  as roads less than 5.0 metres wide. The speed reduction 
factor  fo r  cars on paved roads was given as 7.31 km/h per metre less 
than 5 .0  metres.
The speed of  cars observed in the St. Lucia study also suggested 
that  speeds were s ig n i f i c a n t ly  af fected by road widths of  less than 
5.0 metres wnereas road widths greater than 5 .0  metres had l i t t l e  e f f e c t  
on speeds as i l lu s t r a te d  by the f igures given in Table 7*3 in section  
7 .2 .4 .  The 56 test  s i tes  selected for  the St. Lucia study were divided  
into two categories of 'narrow' ( ^ 5 . 0  metres) and 'wide'  (> 5 .0  metres) 
roads and the average of  the observed car speeds evaluated fo r  d i f f e r e n t  
groups of  gradients.  These values have been l is ted  in Table 7*5 where 
a considerable d i fference in the speed of  cars on the 'narrow' and 
'wide'  roads was evident for  a l l  gradients.
In St. Lucia seven sections of road with a width of 5 .0  metres or 
less were located with a wide range of the other road cha ra c te r is t ic s .  
This enabled vehicle speeds to be monitored on only 14 'narrow' test  
s i te s .  Consequently i t  was not possible to establ ish a stable r e l a t i o n ­
ship between speed and road width on 'narrow' roads because of  the 
r e l a t i v e l y  small number of s i tes  and the small range of widths encoun­
tered on these si tes (5.0m to 4.3m).
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TABLE 7.5*
Average car speeds on Harrow* and 'wide1 roads
Gradient
Width ^  5.0m
i .
V/idth > 5.0m Percentage decrease 
in speed 
on narrow 
roads 
( «
(per cent)
No. or 
si tes
Average
car
speeds
(km/h)
No. of  
sites
Average
car
speeds
(km/h)
< 1.0 4 42.8 8 61.5 30.4
Uphil l
1.0 -  3.9 1 30.1* 5 61.8 51.3
4 ,0  -  6,9 1 37.4 5 61.2 38.9
7 .0  -  9*9 2 31 - 8 4 44.1 27.9
^ 1 0 . 0 1 26.0 3 44.8 42.0
Downhill 
1.0 -  3.9 1 29.7* 5 63.8 53.4
4.0  -  6.9 1 35.9 5 60.2 40.4
7.0  -  9.9 2 32.5 u 47.9 32.2
^ 1 0 . 0 1 26.8 3 48.4 44.6
All gradients 14 34.7 42 56.5 38.6
*  Horizontal curvature = 1093 degrees/km
As the negati ve exponential function of road width in equation 
7 . 27 , in place of  the l inear  function in equation 1 . 2 k ,  did not produce 
a bet ter  re la t ionship ,  an a l te rn a t iv e  speed estimating re la t ionsh ip  
that  could be used was equation 7.23.  This re la t ionship  included the 
independent variables r is e ,  f a l l ,  curvature and roughness. Although 
this re lationship  was not as strong as the re lationships including road 
width, i t  s t i l l  accounted for  over 90 per cent of the v a r ia t io n  in car 
speeds and, as roughness was highly correlated with width, the inclusion  
of roughness p ar t ly  included the e f fe c t  of width.
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The advantage of using l inear  re la tionships is not only that  they 
are much simpler to evaluate but the e f fe c t  of  a l te r in g  any var iab le  
can be eas i ly  examined. The use of  a logarithmic function of  speed, 
however, did resu l t  in s t a t i s t i c a l l y  stronger re lationships being 
derived. Therefore these relat ionships (equation 7.28,  7.29 and 7.30)  
were examined in addit ion to the best equations derived using the l inear  
format o f  speed (equations 7 . 23 , 7.24 and 7 . 27) .
The percentage of  var ia t ion  in car speeds accounted for  by the 
independent var iables in each of the above six equations has been 
summarised in Table 7 .6 .
TABLE 7.6
S ta t is t i c a l  s igni f icance of car speed estimating re lationships
Equation
No.
Dependent
var iable
Independent
variables
Percentage of  
v ar ia t io n  explained  
by independent var iables
7.23 v RS,F,C,R 90.3
7.24 V RS,F,C,W 96.1
7.27 V RS,F ,C ,e"°-213W 95.9
7.28 log V3e RS,F,C,R 94.1
7.29 o CQ CD < RS, F,C,W 97-V
7.30 l°ge V RS, F,C, R,W 98.1
V is the speed of  cars measured in km/h 
RS is the r ise  measured in m/km 
F is the f a l l  measured in m/km 
C is the curvature measured in degrees/km 
R is the roughness measured in mm/km 
V/ is the road width measured in metres
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The estimated car speeds were evaluated from each of  these six  
equations fo r  the 56 test  s i tes  and tabulated against the observed 
speed fo r  the s i te s .  The estimates from the three equations w i th  speed 
as a l inear  function have been l is ted  in Table 7.7 and from the three  
equations with speed as a logarithmic function in Table 7 .8 .  The 
dif ferences between the observed and the estimated speeds ( residuals)  
have been l is ted  in Tables 7.9 and 7.10,  with the standard deviat ion  
of each set of  56 residuals given in Table 7-11.
For both the l inear  and logarithmic re la t ionships ,  the lowest 
values of the standard deviation of the residuals were for  the equations 
containing the width var iab le  in a l inear  format but without the rough­
ness var iab le .  The residuals from these two re la tionships (equations 
1 . 2k  and 7*29) have been plot ted against the observed car speeds from 
the 56 test  s i tes  in Figures 7*7 and 7 .8 .
The use of the logarithmic function in equation 7*29 reduced the 
magnitude of the residuals in the major ity  of cases. For example the 
residuals from the six test  si tes with the lowest observed speeds had 
values ranging from 2.6 to 4 . 6 ' using t h e - 1 inear  re la t ionsh ip ,  but were 
reduced to values ranging from 0 to 1.7 using the logarithmic r e l a t i o n ­
ship. S im i la r ly  the values of the residuals at  high observed speeds 
were also reduced using the logarithmic re la t ionsh ip .
Thus s t a t i s t i c a l l y  the best re lat ionship  derived for est imating  
car speeds was equation 7.29 which related a logarithmic function of  
speed to a l inear  combination of the var iables r is e ,  f a l l ,  curvature  
and width.
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TABLE 7 .7
E stim ates  o f  c a r  speeds w i th  speed as a 1 in e a r  fu n c t io n
Si te  
No.
Observed
Speed
(km/h)
E stim ated  Speed (km/h)
Si te  
No.
Observed
Speed
(km/h)
Estim ated  Speed (km/h)
c nEqu-
7 . 2 3
c nEqu-
7 .2A
r  nEqu-
7 . 2 7
c nEqu-
7 . 2 3
tr nEqu-
7 .2A
c nEqu-
7 . 2 7
1 6 2 . 8 6 A. A 6 1 . A 6 2 . A 2 6 7 . A 6A .7 6 1 . A 6 2 . A
3 6 2 . 8 6 5 . 8 6 2 . 9 63 . 6 A 6 1 . 9 65 .1 6 3 . 0 6 3 . 7
5 5 8 . A 5 7 . 7 5A . 8 56 . 5 6 55 . 3 57 . 7 5A.9 5 6 . 5
7 6 0 . 2 6 6 . 2 6 3 . 2 6 3 . 9 8 63.O 6 5 . 5 6 3 . 2 6 3 . 9
9 3 6 . A AA.A 37 -0 39 . 7 10 3 6 . A AA.8 3 7 . 0 3 9 . 7
11 A9.2 6 1 . A 5 5 . 5 55 . 9 12 A9 .2 5 1 . 0 55 . 5 5 5 . 9
13 7 0 . 3 6 2 . 2 6A .9 6A .8 1A 71 . 7 6 2 . 3 65 .1 6 5 . 0
15 6 3 . 0 57 .1 6 3 . 6 6 2 . 6 16 6 6 . A 57 .1 6 3 . 8 6 2 . 8
17 5 3 . 0 5 1 . 8 53 . 5 5A.7 18 55 . 3 52 . 7 5 3 . 8 5 5 . 0
19 30.1 29 . 5 26.1 30 .2 20 2 9 . 7 29 . 2 26 . 5 3 0 . 5
21 56 . 5 55 .1 5 7 . 2 5 7 . 8 22 5 5 . 0 5 5 . 7 5 7 . 6 5 8 . 2
23 6 b . 3 5 8 . 0 6 0 . 0 6 0 . A 2A 7 0 . 8 5 9 . 0 6 0 . 5 6 0 . 8
25 69 . 9 5 6 . 0 5 8 . 6 59 .1 . 26 6 2 . 3 56 . 7 59.1 5 9 . 5
27 6 3 . 3 5 2 . 8 5A .6 5 5 . 5 28 59 .1 5 3 . 6 5 5 . 2 56 .1
29 A9.0 A6.9 A8.5 A9.9 30 A9 .7 A7.5 A9 .2 5 0 . 6
31 6 3 . A 5 8 . 0 6 0 . 3 6 0 . A 32 6 6 . 6 5 9 . 0 6 1 . 0 61 .1
33 3 7 . A A3.1 36 . 5 3 8 . 0 3A 35 . 9 A3 .9 3 7 . 2 3 8 . 7
35 0O.2 57.1 6 0 . 7 6 0 . 7 36 6 3 . 3 5 8 . 0 6 1 . 2 6 1 . 5
37 2 8 . A 2 5 . 8 23 . 9 2 7 . 8 38 2 7 . A 27.1 2A .8 2 8 . 7
39 36 .5 36 . 7 3 2 . 2 35 . 8 A0 3 6 . A 3 8 . 0 33.1 3 6 . 8
^1 A3.6 A7.8 50 . 2 51 . 3 A2 53 . 5 A9.1 51 .1 5 2 . 2
^3 A8.6 5 2 . 8 A8 .8 50 .5 AA 5A.5 5A.A A9 .8 5 1 . 5
A5 35 .2 AO.9 3 2 . 7 3A.5 A6 37 .6 A1. A 3 3 . 8 3 5 . 5
A7 A1.7 AA.A A6.5 A 8 . 0 A8 A7.2 A5 .7 A7 .5 A9 .0
A9 2 6 . 0 2 6 . A 2 1 . A 2A .5 50 2 6 . 8 26 .  A 22 . 5 2 5 . 6
51 AO.5 AA.1 A 0 . 6 A3.2 52 A1 .7 A5.2 A1 .8 AA. 3
53 50.  A 52 . 6 5A .9 55 .3 5A 59 . 3 5 3 . 9 5 6 . 0 5 6 . A
55 A3.5 39 . 6 A1.A A3.3 56 AA.2 A1.2 A2 .6 AA.6
Equation 7*23
V = 67 .6  -  0.078RS -  0 . 067F -  0.02AC -O.OOO87R
Equation 7*2A
V = 3 6 .7  t 0.076RS -  0 .0 6 5 F  -  0 .026C + A.09W
E quation 7 -2 7
V = 8 0 .3  -  0.075RS -  0 .06AF -  0 .023C -  6 5 . 3 e " ° ' 213W
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TABLE 7 .8
Est imates  o f  car  speeds w i t h  speed as a l o g a r i t h m i c  f u n c t io n
Si te  
No.
Observed
Speed
(km/h)
Est imated  Speed (km/h)
Si te  
No.
Observed
Speed
(km/h)
Est imated  Speed (km/h)
r nEqu-
7 . 2 8
r nEqu-
7 .2 9
c nEqu-
7 . 3 0
r nEqu-
7 . 2 8
r nEqu-
7 . 2 9
r nEqu-
7 . 3 0
1 6 2 . 8 67 . 5 6 2 . 7 63 . 9 2 6 7 . 4 68 . 3 •62.7 6 4 . 3
3 6 2 . 8 6 9 . 5 64 . 6 65 .7 4 6 1 . 9 6 8 . 0 6 4 . 7 6 5 . 2
5 5 8 . 4 58.1 5 4 . 8 56.1 6 5 5 . 3 5 8 . 0 5 4 . 8 56 .1
7 6 0 . 2 70 .4 6 5 . 0 6 6 . 3 8 6 3 . 0 6 8 . 7 6 5 . 0 6 5 . 6
9 3 6 . 4 4 1 . 7 36 .7 38 .0 10 3 6 . 4 4 2 . 3 3 6 . 7 3 8 . 2
11 4 9 . 2 5 9 . 5 53 .4 53.1 12 4 9 . 2 5 8 . 8 5 3 . 4 5 2 . 8
13 70 .3 6 3 . 2 6 8 . 7 6 7 . 0 14 7 1 . 7 6 3 . 3 6 9 . 0 6 7 . 3
15 6 3 .O 5 6 . 8 6 8 . 4 6 5 . 8 16 6 6 . 4 5 6 . 5 6 8 . 8 6 5 . 9
17 5 3 . 0 5 0 . 9 54 .6 54 .4 18 5 5 . 3 52.1 5 5 . 0 5 5 . 2
19 30.1 29.1 29 .6 2 9 . 5 20 2 9 . 7 2 8 . 6 2 9 . 9 2 9 . 5
21 5 6 . 5 5 4 . 5 5 8 . 8 5 8 . 0 22 5 5 . 0 5 5 . 4 5 9 . 4 5 8 . 8
23 6 6 . 3 58 .3 6 2 . 3 61 . 4 24 7 0 . 8 5 9 . 8 63 .1 6 2 . 6
25 6 9 . 9 55 .3 60 . 6 59 .2 26 6 2 . 3 5 6 . 2 6 1 . 3 60 .1
27 6 3 . 3 52.1 55 .9 55 .3 28 59 .1 53.1 5 6 . 8 5 6 . 4
29 4 9 . 0 4 6 . 0 49 .3 49 .2 30 4 9 . 7 46 .4 5 0 . 3 50 .1
31 6 3 . 4 58 . 3 6 2 . 7 61 .3 32 6 6 . 6 59 . 6 6 3 . 9 6 2 . 7
33 37 .4 3 9 . 8 36.1 36.1 34 35 . 9 40 . 5 3 6 . 8 3 6 . 9
35 6 0 . 2 56 . 2 6 3 . 3 60 . 7 ‘ 36 6 3 . 3 5 7 . 0 6 4 . 3 6 1 . 8
37 2 8 . 4 26 .6 28 .4 27 .5 38 2 7 . 4 27 . 3 29 .1 2 8 . 4
39 3 6 . 5 36 .7 34 .3 35 .6 40 36 . 4 37 . 8 3 5 . 2 3 6 . 7
41 4 9 . 6 46 .6 51.1 50 .2 42 5 3 . 5 47 . 9 5 2 . 4 5 1 . 7
43 4 8 . 6 52 .3 48 . 2 4 8 . 9 44 5 4 . 5 5 4 . 3 4 9 . 5 5 0 . 6
45 3 5 . 2 38 .7 33 .5 34 .2 46 37 -6 3 8 . 8 3 4 . 5 3 4 . 9
47 4 1 . 7 43 . 3 47 .4 4 6 . 8 48 4 7 . 2 44 . 6 4 8 . 8 4 8 . 3
49 2 6 . 0 2 7 . 0 2 6 . 6 26 .2 50 2 6 . 8 2 6 . 5 2 7 . 5 2 6 . 6
51 4 0 . 5 4 2 . 8 4 0 . 8 41 . 3 52 4 1 . 7 4 3 . 6 42.1 4 2 . 5
53 5 0 . 4 5 2 . 0 5 6 . 3 5 5 . 0 54 5 9 . 3 5 3 . 5 58 .1 5 6 . 9
55 4 3 . 5 39 .2 4 2 . 8 42 .5 56 4 4 . 2 40 . 6 4 4 . 2 4 4 . 2
Equat ion  7 *28
loge V = 4 . 3 0  -  0.0016RS -  0 .0014F  -  0 .00051C -  0 .000030R  
Equat ion  7 . 2 9
loge V = 3 . 5 0  -  0.0015RS -  0 .0012F  -  0 .00053C + 0.104W 
Equat ion 7 . 3 0
loge V = 3 . 6 8  -  0.0016RS -  0 .0013 F  -  0 .00048C -  0 .000012R + 0 .082W
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TABLE 7 .9 '
Residuals of car speed estimates with  speed as a l inear  function
Si te 
No.
Residuals (km/h)
Si te 
No.
Residuals (km/h)
r nEqu-
7.23
r n 'Equ-
7.24
Equ-
7.27
_ n Equ~
7.23
C nEqu-
7.24
r nEqu-
7.27
1 -1.6 +1.4 +0.4 2 +2.7 +6.0 +5.0
3 -3.0 -0.1 - 0 .8 4 “3.2 -1.1 -1 .6
5 +0.6 +3.6 +1.9 6 -2 .4 +0.4 - 1 .2
7 -6 .0 “3.0 “3.7 8 “2.5 -0 .2 -0 .9
9 *8 .0 -0 .6 “3.3 10 -8 .4 -0 .6 “3.3
11 -12.2 “6.3 “6 .7 12 -11 .8 “6.3 “6.7
13 +8.1 +5.4 +5.5 14 +9.4 +6.6 +6.7
15 +5.9 -0 .6 +0.4 16 +9.3 +2.6 +3.9
17 +1.2 “0.5 “ 1.7 18 +2.6 +1.5 +0.3
19 +0.6 +4.0 -0.1 20 +0.5 +3.2 - 0 .8
21 +1.4 “0.7 “ 1.3 22 “0.7 -2 .6 “3.2
23 +3.3 +6.3 +5.9 24 +11.8 +10.3 +10.0
25 +13.9 +11.3 +10.8 26 +5.6 +3.2 +2.8
27 +10.5 +8.7 +7.8 28 +5.5 +3.9 +3.0
29 +2.1 +0.5 -0 .9 30 +2.2 +0.5 -0 .9
31 +5.4 +3.1 +3.0 32 +7.6 +5.6 +5.5
33 -5 .7 +0.9 -0 .6 34 - 8 .0 “1 >3 - 2 .8
35 +3.1 “0.5 “0.5 36 +5.3 +2.1 +1.8
37 +2.6 +4.5 +0.6 38 +0.3 +2.6 “ 1.3
39 -0 .2 +4.3 +0.7 40 -1 .6 +3.3 - 0 .4
A1 +1.8 -0 .6 “ 1.7 42 +4.4 +2.4 +1.3
43 - i f . 2 -0 .2 “ 1.9 44 +0.1 +4.7 +3.0
45 “5.7 +2.5 +0.7 46 - 3 .8 +3.8 +2.1
47 “2.7 -4 .8 -6 .3 48 +1.5 “0.3 - 1 .8
49 -0 .4 +4.6 +1.5 50 +0.4 +4.3 +1.2
51 “3.6 -0.1 “2.7 52 “3.5 -0.1 - 2 .6
53 -2 .2 “4.5 -4 .9 54 +5.4 +3.3 +2.9
55 +3.9 +2.1 +0.2 56 +3.0 +1.6 - 0 .4
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TABLE 7.10
Residuals o f  car speed estimates with speed as a 
logarithmic function
Si te 
No.
Residuals (km/h)
Si te 
No.
Residuals (km/h)
c nEqu-
7.28
Equ-
7.29
Equ-
7.30
' n Equ-
7.28
c nEqu-
7.29
c nEqu-
7.30
1 ■-4.7 +0.1 -1.1 2 -0 .9 +4.7 +3.1
3 -6 .7 -1 .8 -2 .9 4 -6.1 - 2 .8 -3 .3
5 +0.3 +3.6 +2.3 6 -2 .7 +0.5 - 0 .8
7 -10.2 -4 .8 -6.1 8 -5 .7 - 2 .0 -2 .6
9 “5.3 -0 .3 -1 .6 10 -5 .9 -0 .3 - 1 .8
11 -10.3 -4 .2 -3 .9 12 -9 .6 -4 .2 -3 .6
13 +7.1 +1.6 +3.3 14 +8.4 +2.7 +4.4
15 +6.2 -5 .4 -2 .8 16 +9.9 ’ -2 .4 +0.5
17 +2.1 -1 .6 -1 .4 18 +3.2 +0.3 +0.1
19 +1.0 +0.5 +0.6 20 +1.1 -0 .2 +0.2
21 +2.0 -2 .3 -1 .5 22 - 0 .4 -4 .4 - 3 .8
23 +8.0 +4.0 +4.9 24 +11.0 +7.7 +8.2
25 +1A. 6 +9.3 +10.7 26 +6.1 +1.0 +2.2
27 +11.2 +7.4 +8.0 28 +6.0 +2.3 +2.7
29 +3.0 -0 .3 -0 .2 30 +3.3 -0 .6 - 0 .4
31 +5.1 +0.7 +2.1 32 +7.0 +2.7 +3.9
33 - 2 .4 +1.3 +1.3 34 -4 .6 -0 .9 - 1 .0
35 +4.0 -3.1 “0.5 36 +6.3 - 1 .0 +1.5
37 +1.8 0 +0.9 38 +0.1 -1 .7 -1 .0
39 -0 .2 +2.2 +0.9 40 -1 .4 +1.2 -0 .3
41 +3.0 -1 .5 -0 .6 42 +5.6 +1.1 +1.8
43 -3 .7 +0.4 -0 .3 44 +0.2 +5.0 +3.9
45 -3 .5 +1.7 +1.0 46 -1 .2 +3.1 +2.7
47 -1 .6 -5 .7 -5.1 48 +2.6 -1 .6 -1.1
49 “ 1.0 -0 .6 -0 .2 50 +0.3 -0 .7 +0.2
51 -2 .3 -0 .3 -0 .8 52 -1 .9 -0 .4 -0 .8
53 -1 .6 -5 .9 -4 .6 54 +5.8 +1.2 +2.4
55 +4.3 +0.7 +1.0 56 +3.6 0 0
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TABLE 7.11
Standard deviat ion of the residuals o f  the car speed estimates
Speed estimating  
equation number
Standard deviation  
of residuals (km/h)
7.23 5.63
7.24 3.59
7.27 ■ 3.71
7.28 5.49
7.29 3.16
7.30 3.18
7.3 Analysis of l ig h t  vehicle  speeds
The analysis of the speed of  l ig h t  vehicles was conducted in a 
s imilar  manner to the analysis of car speeds with the 56 mean speeds 
from the test  s i tes used as the dependent var iab le  in weighted least  
squares regression. The weighting factors used for  l ig h t  veh ic le  speeds 
have been l is ted  in Table 7.12 together with the mean speeds observed at  
the 56 test  si tes.
These weighting factors were s im i la r  to the weighting factors used 
in the analysis of car speeds l is ted  in Table 7 .1 .  The value o f  the 
weighting factor  for cars was s l ig h t ly  higher than the equivalent  value  
for l ig h t  vehicles for  the major ity  of test  s i tes due to the larger  
number of observed cars on these s i tes .
The simple corre lat ion  matrix of the dependent and independent 
variables used in the analysis of l ig h t  vehicles speeds has been given 
in Table 7*13. The road character is t ics  ( r is e ,  f a l l ,  curvature,
2 1 8
TABLE 7 .12
Weighting fa c to rs  fo r  the mean speeds o f  l i g h t  ve h ic le s
Si te  
No.
No. of. 
observations
(r.)
Variance
(o2)
Weighting
fa c to r
( " V >
Mean
speed
(V)
(km/h)
Si te  
No.
No. o f  
observations
(n)
Variance
(a2)
Weighting  
f a c to r  
(n /o2 ) •
Mean
speed
(V)
(km/h)
1 239 192.7 1.24 57 .9 2 234 245.5 0 .95 63 .3
3 237 263.4 0 .90 57.5 4 230 236.1 0 .97 59 .5
5 216 139.9 1.54 54 .9 6 216 157.9 1.37 51 .4
7 206 248.9 O.83 58.9 8 210 245 .0 0 .86 5 7 .8
9 114 26 7 4 .27 36. 0 10 62 34 .0 1.82 37 .5
11 128 234.2 0 .55  . 52 .7 12 84 220.9 0 .38 5 0 .5
13 113 236.4 0 .48 64 .9 14 100 354.3 0 .28 6 8 .0
15 224 154.1 1.45 60.3 16 145 211.6 0 .69 6 5 .5
17 174 125.8 1.38 52.9 18 213 103.1 2 .07 51.1
19 281 25-1 11.20 29.3 20 394 2 7. 8 14.17 2 7 .8
21 42 190.8 0.22 52.6 22 77 113.2 0 .68 5 0 .7
23 157 224 .8 0 .70 61 .7 24 144 207.6 0 .69 6 5 .9
25 16/ 318.9 0 .52 66 .9 26 255 164.2 1.55 5 7 .2
27 183 183.7 1.02 56 .4 28 168 167.2 1.00 5 7 .4
29 147 56.4 2.61 47 .3 30 185 90 .9 2 .04 4 5 .8
31 124 292 .0 0.42 57 .4 32 187 201.1 0 .93 6 0 .6
33 219 86.3 2 .54 38.8 34 119 5 7 .7 2 .06 35 .9
35 235 129.7 1.81 50 .2 36 180 223.7 0 .80 6 2 .8
37 279 20 .4 13.68 27.8 38 384 24.6 15.61 2 6 .3
39 688 41.3 16.66 34.4 40 782 36.5 21.42 34 .6
41 176 62 .7 2.81 46.9 42 219 89 .6 2 .44 48 .9
43 656 136.5 4.81 43.4 44 735 236.9 3 .10 5 0 .3
45 192 45.4 4 .23 34.6 46 109 “ 5 6 .2 1.94 36 .6
47 155 38.9 3 .98 38.7 48 205 49.1 4 .18 42 .8
49 512 2 7. 0 18.96 25.6 50 352 31. 2 11.28 26 .5
51 586 ■ 64 .4 9 .10 37.4 52 604 264.4 2 .28 3 9 .2
53 134 115.9 1.16 41.1 54 101 242.1 0 .42 56.1
55 250 66.6 3.75 37.5 56 180 69 .6 2 .59 4 2 .8
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roughness and width) were indentical in both the car and l ig h t  vehic le  
data sets since the speeds of both classes o f  vehicle  were measured 
over the same si tes during the same period of time. Thus corre la t ion  
coeff ic ien ts  between these independent var iables were ident ical  to 
those l is ted  in Table 7.2 with only the values between speed and the 
independent variables being d i f f e r e n t .
TABLE 7.13
Correlation matrix  of the l ig h t  vehic le  speed data
Ri se Fall Curvature Roughness Width Speed
Ri se 1.0
Fal 1 -0.50*1 1.0
Curvature 0.215 0.215 1.0
Roughness 0.125 0.101 0.70*1 1.0
Width -0.018 -0.018 -0.A82 • “0.75*1 1.0
Speed -0.352 -0.179 -0.872 “0.738 0.679 1.0
The corre lat ion  coe f f ic ien ts  between the speed of l ig h t  vehicles  
and each of the road cha ra c te r is t ic  var iables exhibited the same tendency 
as in the car speed data.  The value of  the corre la t ion  c o e f f ic ie n t  
between speed and curvature was again the highest ( -0 .872)  with the 
values between speed and roughness, and speed and width also being high 
( -0 .738 and 0.679  respect ive ly ) .
7.3.1 Effect  of gradient
The l ig h t  vehicle  speeds have been plot ted against the gradient  
( r ise  and fal  1) in Figure 7-9.  The large scatter  of  speeds that existed for  
a smal 1 range of gradients was ref lected by the low correl  at  ion coeff  i cients  
between speed and the two components of  gradient given in Table 7-13.
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Figure 7.9 was s im i lar  to the equivalent plot  o f  the car speed 
data, shown in Figure 7 .1 ,  with the main d i fference being that  the 
speeds o f  the l igh t  vehicles were generally  lower than the car speeds. 
As in the analysis of the car speed data ,  the speeds of the l ig h t  
vehicles were divided in to  two groups of 28 and analysed separately for  
posit ive and negative gradients.
The corre lat ion coe f f ic ien ts  between r ise and speed,and f a l l  and 
speed in a weighted regression analysis were -0.187 and -0.096 respect­
ive ly .  The resul ts o f  the weighted regression analyses are given below 
with the ' t 1 value fo r  each regression co e f f ic ien t  shown in brackets.  
The percentage var ia t ion  accounted for by the variables in each equation 
(R ) is alsc given.
Posit ive  gradients
V = 47.6 -  0.152RS .........  (7.31)
( - 2 . 8 )  R = 0 .1 96
V = 49.5 -  0.256RS + 0.00090(RS)2 9 . . . . .  (7.32)
( -1 .0 )  (0 .4) R = 0 . 1 6 9
log V = 3.82 -  0.0036RS '   (7-33)
e ( -2 .5 )  R = 0 . 1 5 8
Negative gradients
V = 43.8 -  0.104F ?   (7.3*0
( -1 .7 )  R = 0.062
V = 45.5 -  0.215F + 0 .0010(F)2 .........  (7.35)
( -0 .8 )  (0 .4) R = 0.031
log V = 3.73 -  0.0024F .    (7 .36)
. ( -1 .6 )  R = 0.049
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where V is  the speed o f  l i g h t  v e h ic le s  measured in km/h
RS is the r ise measured in m/km
F is the f a l l  measured in m/km
The l inear  format of  r ise  and f a l l ,  in equations 7*31 and 7.3**
2respect ive ly ,  gave higher R and 1t 1 values than the quadratic or 
logarithmic terms used in the other equations. Thus the data from a l l  
56 test  s i tes were combined and used in a 1 inear weighted regression 
analysis.  The re lationship  derived from th is  analysis is given below 
with the *t 1 values shown in brackets and the symbols used are as given 
before.
V = 45.5 -  0.129RS -  0.125F   (7.37)
( -3 .0 )  ( -2 .7 )  R = 0 .1 2 1
The ‘ t 1 values of the regression coe f f ic ien ts  in equation 7.37  
increased from the values in the previous set of equations with the 
coeff ic ien ts  of  RS and F both being s t a t i s t i c a l l y  s ig n i f ic a n t  a t  the 
5 per cent level and explaining 12.1 per cent of  the va r ia t ion  in l ig h t  
vehic le  speeds. These values were also a s l ig h t  improvement on the 
values in the equivalent re lat ionship  for  cars (equation 7 .7)  which 
indicated that  l igh t  vehicle speeds were af fected by gradient  to a 
s l ig h t ly  higher degree than were the speeds of cars.
7 .3 .2  Effect  of  horizontal curvature
The l igh t  vehic le  speeds have been plotted against horizontal  
curvature in Figure 7.10 i l l u s t r a t i n g  the strong tendency fo r  speeds to 
decrease as curvature increased. The corre la t fon  c o e f f ic ie n t  between 
speed and curvature in a weighted regression analysis was -0 .912 .
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The re lat ionship  produced from a l inear  weighted regression 
analysis is given below with the ‘ t 1 value shown in brackets.
V = 57.7 -  0.0291C V    (7-38)
( - 1 6 . 4 )  R « 0 . 8 2 9
where V is the speed of l ig h t  vehicles measured in km/h
C is the horizontal curvature measured in degrees/km.
Equation 7.38 s t a t i s t i c a l l y  was fa r  stronger than any o f  the speed/ 
gradient re lat ionships ,  with curvature explaining 82.9 per cent o f  the 
var ia t ion  in l ig h t  vehicle  speeds. This equation was plotted in Figure 
7.10 together with the equivalent ordinary regression equation derived  
from the same data without using the weighting factors .  The ordinary  
regression equation is given below
V = 61.0 -  0.0326C . 9 . . . . .  (7.39)
( - 1 3 . 1 )  R = 0 . 7 5 5
Equation 7.39,  although highly s ig n i f ic a n t ,  was not s t a t i s t i c a l l y
2
as strong as the weighted regression equation since both i ts  R and ‘ t l 
values were not as high as those in equation 7*38.
The e f fe c t  of curvature in a non-l inear  format was invest igated  
result ing in the following relat ionships being derived.
V = 59.7 -  0.0379C + 0.000007(C) 2 9   (7.40)
( -4 .8 )  (1 .1) R = 0.830
log V = 4.1 1 -  0.00075C 9   (7 .41)
6 ( -17 .1 )  R = 0.841
The regression co e f f ic ie n t  of the quadratic term in C in equation 
7.40 was not s t a t i s t i c a l l y  s ig n i f ic a n t  whereas the logarthmic function
224
Or
di
na
ry
 
re
gr
es
sio
n 
eq
ua
tio
n
e e
o
CO
o oOJoin o ooCDo
O£
_o
O.
Or-
(q/iu>|) paads apiqaA iqBiq
225
used in equation 7.^1 was marginally be t te r  than the l inear  r e la t io n -
2ship given in equation 7.38 with s l ig h t l y  higher ' t '  and R* values.
Both the l inear  and logarithmic functions have been plotted in 
Figure 7.11 which i l l u s t r a te s  the s i m i l a r i t y  between the two r e la t io n ­
ships. The maximum differences between the two estimating equations 
occurred at low values of curvature with these d if ferences being of 
the order of 3 km/h.
The equations re la t ing  the speed of l ig h t  vehicles to horizontal  
curvature were s im i lar  to the equivalent equations fo r  car speeds with  
curvature having a s l ig h t l y  larger  and more s ig n i f ic a n t  e f f e c t  on the 
speed of cars .
7 .3 .3  Ef fect  of road roughness
The l ig h t  vehicle speeds have been plotted against road roughness 
in Figure 7.12.  As in the equivalent p lot  fo r  cars speeds (Figure 7.*0  
there was a large scatter  of  speeds for  low values of  roughness, but a 
d is t in c t  tendency for l ig h t  vehicle  speeds to decrease as the roughness 
increased, p a r t ic u la r ly  beyond A500 mm/km.
The corre lat ion  co e f f ic ie n t  between speed and roughness in a 
weighted regression analysis was -O .78O. The l inear  re la t ionsh ip  pro­
duced from this analysis is given below with the 11 1 value shown in 
brackets.
V = 50.3 " 0.00200R ?   (7.^2)
( - 9 . 2 )  R = 0.601
where V is the speed of  l ig h t  vehicles measured in km/h 
R is the road roughness measured in mm/km.
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Equation 7.42 was s t a t i s t i c a l l y  stronger than the gradient  
re lationship  (equation 7*37) hut not as strong as the curvature  
re lationship  (equation 7 -38 ) ,  with roughness explaining 60.1 per cent 
of the var ia t ion  in l ig h t  vehicle  speeds. This equation was plotted  
in Figure 7*12 together with the ordinary regression equation derived  
without using the weighting factors.
The ordinary regression equation is given below with the ' t 1 value 
shown in brackets.
V = 61.9 -  0.00297R 9   (7 .43)
( - 8 . 0 )  R = 0.535
Equation 7.43 was not s t a t i s t i c a l l y  as .strong as the weighted
2
regression equation, with lower 11' and R values than those in equation 
7. *42.
The non-l inear weighted regression analyses produced the fo l lowing  
relationships with the 11 1 values shown in brackets.
V = 60.3 -  0.00570R + 0.0000002(R)2 . . . . .  (7.44)
( -3 .2 )  (2 .1) R = 0.624
log V = 3.94 -  0.000055R ? • • • • •  (7.-^5)
e ( -11 .4 )  R = 0.700
Of the four equations given above re la t ing  the speed of  l ig h t  
vehicles to road roughness, the logarithmic function in equation 7.45  
produced the most s ig n i f ican t  re lationship  with 70.0 per cent of the 
var ia t ion  in l ig h t  vehicle speeds explained by the independent va r iab le .  
Both equations 7*45 and 7.42 have been plotted in Figure 7 .13 .  The 
differences between the estimates from the two re lationships were small 
with the maximum di fferences being approximately 2 km/h.
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These equations were s im i lar  to the equivalent equations fo r  car 
speeds, with roughness having a s i ig h t l y  larger  and more s ig n i f ic a n t  
e f fe c t  on the speed of cars.
7 .3 .4  Effect  of road width .
The corre la t ion  co e f f ic ie n t  between speed and road width in a 
weighted regression analysis was 0.781. The l inear  re la t ionsh ip  pro­
duced from th is  analysis is given below with the ' t 1 v a lu e  shown ir. 
brackets.
V = - 3.6  + 7 . 0W „   ( 7 . k 6 )
(9 .2 )  R = 0.602
where V is the speed of 1ight vehicles measured in km/h 
W is the road width measured in metres.
S t a t i s t i c a l l y  equation 7*46 was stronger than the gradient  and 
roughness relationships (equation 7.37 and 7.42) but not as strong as 
the curvature re lationship  (equation 7-38) .  In equation 7*46 road width 
accounted for  60.2  per cent of the var ia t ion  in the speed of  l ig h t  
vehicles.
As explained in the analysis of car speeds, i t  was not appropr iate  
to plot  a r e a l i s t i c  graph of speed against road width but more appro­
p r ia te  to investigate the var ia t ion  in speed for  several ranges o f  road 
width. The average speed of l igh t  vehicles for  three groups of  s i tes  
divided according to th e i r  road widths have been l is ted  in Table 7*14.
There was a substantial  increase of 15.2 km/h between the f i r s t  
and second groups of s ites but only a small increase of 3.9 km/h 
between the second and th ird  groups. These f igures were s im i la r  to the
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TABLE 7.14 '
Average l i g h t  v e h ic le  speeds f o r  th ree  groups
of road widths
Road width (met'res)
W ^ 5 . 0 5.0<W<7.0 W ^ 7 .0
Group No. 1 2 3
Number of s i tes 14 14 28
Average road width 
(metres)
1
4.6 6.3 7.6
Average l igh t  vehicle  
speed (km/h) 34.8 50.0 53.9
Standard deviation of  
l ig h t  vehicle  speeds 
(km/h)
8.50 10.20 8.96
equivalent f igures for  the speed of cars given in Table 7-3 .  Therefore,  
as had been achieved for  car speeds, a re lationship  between the speed of  
l ig h t  vehicles and width in a negative exponential  format was derived by 
an optimising method using an i t e r a t i v e  processing technique.
The re lationship  produced using this method is given below 
V =  110.7 -  119.10 - ° - 100W ( 7 . h 7 )
Equation 7-h7  has been plot ted in Figure 7 A h  together with  the 
average l ig h t  vehicle speeds for  the three groups of road widths given 
in Table 7 .14.  The ordinary l inear  regression equation, derived w i th ­
out using weighting factors ,  has also been plot ted in Figure 7 .14 .
This equation is given below with the 11 1 value shown in brackets.
V = 6 .0  + 6.5W 
(6 .8 ) R = 0.450
(7.48)
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Over the range of  road widths encountered on the tes t  s i tes  in 
the St. Lucia study, the two relat ionships plotted in Figure 1 A k  did 
not predict  vast ly  d i f f e r e n t  estimates of speed. However the re la t io n  
ship with the exponential term had the tendency to increase the speeds 
a t  a slower rate for  higher values of  road width.
7 .3 .5  Mult ip le  regression analysis
The invest igat ion of  the e f fe c t  of  the individual road character­
i s t i c  var iables on the speed of l ig h t  vehicles resulted in r e l a t i o n ­
ships being derived which were s imi lar  to the equivalent re lat ionships  
for  car speeds. As the e f fe c t  of  these var iables on l ig h t  veh ic le  
speeds were of  the same order and magnitude, the mult ip le  regression  
analysis was conducted in a s im i lar  way to the analysis of the car  
speed data.
All  the results of  the multip le  weighted regression analysis are
given below with the only d i f ference between the variables used in the
l ig h t  vehicle  speed analysis and those used in the car speed analysis
being the negative exponential format of the width va r iab le .  For
l ig h t  vehicle  speeds th is  va r iab le ,  established in equation 7«^7> was 
-0 100We ‘ whereas the var iable  used in the car speed analysis was 
_0 213W
e ^establ ished in equation 7.18.  The ' t 1 value of each
regression co e f f ic ien t  is shown in brackets and the symbols used are 
as given before.
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V -  62.1 -  0.081RS -  0 .059F -  0.028C   (7.*»9)
( -5 .1 )  (~3.*0 (-1 8 .5 ) 7
R « 0 .882
V « 5 7 .6  -  0.109RS -  0.1 OAF -  0.00193R   (7 .5 0 )
( -4 .3 )  ( -3 .9 )  (-1 0 .2 )
R « 0 .699
V = 5 .6  -  0.105RS -  0 . 106F + 6.73W ; ____  (7 -5 1 )
( - i f . 2) ( - i . , 0 )  (1 0 .1 )  9
R = 0 .698
V = 62 .6  -  0.085RS -  0.066F -  0.022C -  0.00066R . . . . .  (7 -5 2 )
( - 6 . 1 )  ( - i f . i f )  ( - 1 1 .1 )  ( - i f . 2) ■
R = 0.911
V = ifC.1 -  0.083RS -  0 .067F -  0.021C + 3.00W   (7 .5 3 )
( - 7 . 9 )  ( - 6 . 0 )  ( - 1 6 .1 )  (8 . *0  ,
R = 0 .9^9
V <= 3 0 .3  -  0.105RS -  0 .103F -  0.00107R + 3-70W   (7 .5 ^ )
( - 4 . 6 )  ( - i» .3) ( - 3 . 7 )  (3 .7 )  ,
Rz = 0 .757
V « i f0 .8  -  O.O83RS -  0 .068F -  0.021C -  0.00005R + 2.91W   ( 7 .5 5 )
( - 7 . 8 )  ( - 5 . 9 )  ( - 13. 8) ( - 0 . 3 )  (6 .2 )
R = 0 .948
V = 8 7 . 7  -  0.082RS -  0.067F -  0.021C -  5 3 . 3e " ° ‘ 1W . . . . .  ( 7 -5 6 )
( - 7 . 8 )  ( - 5 . 8 )  ( - 1 6 .2 )  ( - 8 . 2 )
R = 0 .948
log V = i f . 22 -  0.0019RS -  0.0015F -  0.000i»9C -  0.00002ifR   ( 7 .5 7 )
6 ( - 6 . 9 )  ( - 5 . 1 )  ( -1 2 .5 )  ( - 7 . 9 )  ?
R = 0.9ifif
log V = 3 .5 9  " 0.0018RS -  0.0015F -  0.00052C + 0.08ifW . . . . .  ( 7 -5 8 )
e ( - 7 . 8 )  ( - 5 . 9 )  ( - 1 8 .0 )  (10 .5 )  ,
R = 0.961
log V = 3 .77  " 0.0019RS -  0.0016F -  0.000i»7C -  0.000012R + 0.060W   ( 7 .5 9 )
6 ( - 9 . 1 )  ( - 7 . 0 )  ( - 1 5 .9 )  (-i f .0) ( 6 .6 )
R2 = 0 .970
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In the above eleven equations a l l  the regression coe f f ic ien ts
were s ig n i f ic a n t  a t  the 1.0 per cent level with the exception of  the
roughness c o e f f ic ie n t  in equation 7 .55 ,  where the high corre lat ions
between the curvature, roughness and width var iables produced an
unstable re la t ionsh ip .  All  these re lationships were s im i la r  to the
equivalent relationships derived from the car speed data with the
2
regression c o e f f ic ie n ts ,  ' t '  and R values being of s im i la r  magnitude.
7.3*6 Invest igat ion of 1ight .veh ic le  speed estimating re lationships
A number of  s t a t i s t i c a l l y  s ig n i f ic a n t  re lationships fo r  est imating
the speed of l ig h t  vehicles were derived using the speed va r iab le  in
both a l inear  and a logarithmic format with d i f f e r e n t  combinations of
the road ch a rac te r is t ic  var iab les .  The use of speed in a logari thmic
2format produced equations with the highest R values which included 
the road width parameter as a l inear  independent var iab le .
As explained in the car speed analysis the d is t r ib u t io n  of  road 
widths in developing countries tends to be bi-modal with two d i s t in c t  
groups of ‘ narrow1 and ‘wide1 roads. The f igures in Table 7.1^ in 
section suggested that l ig h t  vehic le  speeds in St.  Lucia were
also s ig n i f i c a n t ly  af fected by road widths of less than 5 .0  metres 
whereas road widths greater  than 5-0 metres had l i t t l e  e f fe c t  on 
vehicle  speeds. The 56 test  s i tes selected for  the St. Lucia study 
were divided into two categories of ‘ narrow' 5-0 metres) and 'wide'  
( > 5 . 0  metres) roads and the average of the observed l ig h t  veh ic le  
speeds evaluated for  d i f f e r e n t  groups of gradients.  These values have 
been l is ted  in Table 7.15 where a considerable d i f ference in the speed 
of l ig h t  vehicles on the 'narrow' and 'wide' roads was evident fo r  a l l  
gradients.
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TABLE 7.15-
Average l i g h t  v e h ic le  speeds on 'na rrow ' and "w ide1 roads
Width^5.0m Width > 5 • 0m Percentage 
decrease in 
speed on 
narrow 
roads 
(%)
Gradient 
(per cent)
.
No. of  
si tes
Average 
1 i ght 
veh i cle 
speeds 
(km/h)
No. of  
s i tes
Average 
1 i ght 
veh i c 1e 
speeds 
(km/h)
< 1 . 0 4 44.2 8 57.7 23.4
Uphi11 
1.0 -  3.9 1 29 .3* 5 58.5 49.9
4.0  -  6.9 1 38.8 5 55.6 30.2
7.0  -  9.9 2 31.2 4 40.9 23.7
^ 1 0 .0 1 25.6 3 38.7 33.9
Downhill
1.0 -  3.9 1 28.6* 5 60.2 52.5
4.0  -  6.9 1 35.9 5 56.8 36.8  _
7.0 -  9.9 2 31.5 4 44.2 28.7
^ 1 0 . 0 1 26.5 3 46.0 42.4
All  gradients 14 34.8 42 52.6 38.7
^Horizontal Curvature = 1099 degrees/km
I t  was not possible to establ ish a speed reduction fac to r  fo r  
'narrow1 roads from the St.  Lucia data because of the r e l a t i v e l y  small 
number of 'narrow' test  s ites and the small range of road widths 
encountered on them (5.0m to 4.3m). The best re lationships established  
for estimating l ig h t  vehicle speeds without using road width as a 
continuous var iab le  were equation 7*52 with speed in a l in e a r  format  
and equation 1 . 51  with speed in a logarithmic format.  The var iab les  
r ise ,  f a l l ,  curvature and roughness in these two relationships accoun­
ted for  over 90 per cent of  the var ia t ion  in l ig h t  vehicle  speeds.
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In the examination of  the residuals from the car speed equations,  
the equivalent car relat ionships had been shown to be not as accurate 
as those including road width as a var iab le .  As the re lationships  
from both the car and l ig h t  vehicle speed analyses were s im i la r ,  only 
the three most s ig n i f ican t  relationships from the l ig h t  vehic le  speed 
analysis were examined. These three relat ionships (equations 7*53>
7.58 and 7.59) included the road width var iab le .
Theestimated l ig h t  vehic le  speeds were evaluated from each of  these 
three equations for  the 56 test  s i tes  and tabulated against the 
observed speed for  those s i tes  in Table 7.16.  The d i fferences between 
the observed and the estimated speeds (residuals)  have been i is te d  in 
Table 7 .17.
The logarithmic relationships produced the most accurate sets of  
l ig h t  vehic le  speed estimates with the re la t ionship  containing the 
variables r is e ,  f a l l ,  curvature and width (equation 7.58) producing 
the best set o f  residuals.  The standard deviation of  the residuals  
from equation 7*58 was 3.^1 km/h whereas the other two sets of  residuals  
gave standard deviations of  3*7^ km/h (equation 7*53) and 3*62 km/h 
(equation 7*59).
The residuals from the l inear  and logarithmic re lationships con­
taining the var iables r is e ,  f a l l ,  curvature and width (equations 7.53  
and 7.58) have been plot ted against the observed l ig h t  veh ic le  speeds 
from the 56 tes t  s ites in Figures 7*15 and 7*16. As in the car speed 
analysis,  the logarithmic re lationship  reduced the magnitude of  the 
residuals at both the high and low observed l ig h t  vehic le  speeds.
2 3 8
TABLE 7 .16  
Estimates o t  l i g h t  v e h ic le  speeds
S i te
No.
Observed
speed
(km/h)
Estimated speed (km/h)
S ite
No.
Observed Estimated speed (km/h)
r- n Equ-
7 .53
r nEqu-
7 .58
1- n Equ-
7.59
. speed 
(km/h) Equ- 
7.53  •
Equ-
7.5&
c ntq u -
7 .59
1 57 .9 58.1 60 .2 60.6 2 63 .3 58.1 6 0 .3 60 .9
3 57 .5 59 .2 62 .0 62.2 4 59 .5 59 .3 ' 62.1 6 1 .7
5 54 .9 52 .7 52 .8 53 .3 6 51 .4 52 .7 5 2 .8 5 3 .4
7 58 .9 59 .5 62 .4 62 .8 8 57 .8 59.5 6 2 .4 6 2 .2
9 3 6 . 0 38.9 36. 8 37.7 10 37.5 38.9 3 6 .8 3 8 . 0
11 52 .7 53-9 53 .3 52.5 12 50 .5 53.9 5 3 .3 5 2 . 2
13 64 .9 60 .3 64 .5 61 .9 14 6 8 .0 60 .5 6 4 .8 62 .2
15 60 .3 58 .8 6 2 .9 59 .4 16 65 .5 59.1 6 3 .3 5 9 . 6
17 52 .9 50 .8 51 .2 50.3 18 51.1 51.3 5 1 .6 51.1
19 29 .3 29 .3 29 .4 28.9 20 28.6 29.8 2 9 .7 28 .9
21 5 2. 6 53-6 54.9 53 .4 22 50 .7 54.2 55-5 5 4 .2
23 6 1 .7 55 .8 58.1 56 .4 24 65 .9 56 .5 5 8 .8 57 .5
25 6 6 .9 54.6 56 .5 54.4 26 57.2 55.3 5 7 .2 55 .2
27 56 .4 51 .2 52 .0 50.7 28 57 .4 52. 0 5 2 . 8 51 .6
29 47 .3 46 .0 45 .8 45 .0 30 45 .8 47 .0 46 .7 4 5 .8
31 57 .4 55.5 5 8 .0 55 .8 32 60 .6 56.5 59.1 57-1
33 38 .8 37.2 35 .7 35.4 34 35.9 38.2 36 .4 36. 2
35 50 .2 55 .7 58 .4 55.1 •36 62 .8 56 .8 5 9 .6 56 .4
37 2 7 .8 26.3 27 .7 26.6 38 26.3 27.7 28 .4 2 7 .4
39 34.4 32.7 32.7 33.5 40 34.6 34.1 33 .6 3 4 .6
41 46 .9 46 .8 47.1 45.6 42 48 .9 48.2 48 .3 4 7 .0
43 43 .4 46.1 45.6 45.7 44 50 .3 47.5 46 .9 47-3
45 34.6 33-6 32.9 33.3 46 36.6 35.1 33 .9 3 4 .0
47 38 .7 43 .8 43 .7 42.5 48 42 .8 45.2 4 4 .9 4 3 .9
49 25. 6 24.3 26 .2 25.6 50 26.5 25 .9 2 7 . 0 2 6 .0
51 37 .4 39.3 38 .6 38.6 52 39.2 40 .9 39 .8 3 9 .8
53 41.1 50.2 51 .4 49.5 54 56.1 51.9 53.1 51 -2
55 37.5 39.2 39.3 38.4 56 42 .8 41.0 4 0 .6 3 9 .9
Equation 7-53
V = 40.1 -  0.083RS -  0.067F -  0 .0 21 C + 3.00W
Equation 7-58
log V = 3 .5 9  “ 0.0018RS -  0.0015F -  0.00052C + 0.084W e
Equation 7 .59
1°9e v = 3-77 " 0.0019RS -  0.0016F -  0.00047C -  0.000012R + 0.060W
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TABLE 7.17.
Residuals o f  l i g h t  v e h ic le  speed est im ates
Si te 
No.
Residuals (km/h)
S i te  
No.
Residuals (km/h)
c n Equ-
7.53
c nEqu-
7.58
tr nEqu-
7.59
c nEqu-
7.53
Eqil-
7.58
r nEqu-
7.59
1 - 0 .2 -2 .3 -2 .7 2 +5.2 +3.0 +2.4
3 - 1 .7 -4 .5 -4 .7 4 +0.2 -2 .6 - 2 .2
5 +2.2 +2.1 +1.6 6 -1 .3 -1 .4 -2 .0
7 -0 .6 -3 .5 -3 .9 8 - 1 .7 -4 .6 -4 .4
9 -2 .9 -0 .8 -1 .7 10 -1 .4 +0.7 -0 .5
11 -1 .2 -0 .6 +0.2 12 -3 .4 -2 .8 - 1 .7
13 +4.6 +0.4 +3.0 14 +7.5 +3.2 +5.8
15 +1.5 -2 .6 +0.9 16 +6.4 +2.2 +5.9
17 +2.1 +1.7 +2.6 18 -0.2- -0 .5 0
19 0 -0.1 +0.4 20 - 1 .2 -1.1 - 0 .3
21 -1 .0 -2 .3 -0 .8 22 -3 .5 -4 .8 -3 .5
23 +5.9 +3.6 +5.3 24 +9.4 +7.1 +8.4
25 +12.3 +10.4 +12.5 26 +1.9 0 +2.0
27 +5.2 +4.4 +5.7 28 +5.4 +4.6 +5.8
29 +1.3 +1.5 +2.3 30 - 1 .2 -0 .9 0
31 +1.9 -0 .6 +1.6 32 +4.1 +1.5 +3.5
33 +1.6 +3.1 +3.4 34 -2 .3 - 0 .5 - 0 .3
35 -5 .5 -8 .2 -4 .9 36 +6.0 +3.2 +6.4
37 +1.5 +0.1 +1.2 38 -1 .4 -2.1 -1 .1
39 +1.7 +1.7 +0.9 40 +0.5 + 1.0 0
41 +0.1 -0 .2 +1.3 42 +0.7 +0.6 +1.9
43 - 2 .7 -2 .2 -2 .3 44 +2.8 +3.4 +3.0
45 +1.0 +1.7 +1.3 46 +1.5 +2.7 +2.6
47 -5.1 -5 .0 -3 .8 48 -2 .4 -2.1 -1 .1
49 +1.3 -0 .6 0 50 +0.6 -0 .5 +0.5
51 -1 .9 -1 .2 -1 .2 52 - 1 .7 -0 .6 -0 .6
53 -9.1 -10.3 -8 .4 54 +4.2 +3.0 +4.9
55 -1 .7 -1 .8 -0 .9 56 +1.8 +2.2 +2.9
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Thus the re lat ionship  that produced the best estimates of  l ig h t  
vehicle speeds was equation 7*58 which related a logarithmic function  
of speed to a l inear  combination of  the var iables r is e ,  f a l l ,  curvature  
and width.
7 . k Analysis of truck speeds
In the analysis of  the speed of trucks the individual speed of  
every truck that had been monitored was used, as each truck speed was 
related to the gross vehicle  weight (GVW) and the brake horsepower (bhp) 
of that p a r t ic u la r  truck. A to ta l  of A812 truck speeds on the 56 tes t  
sites had been successfully matched against th e i r  respective GVWs and 
bhps.
The power to weight ra t io  (PW) was evaluated for  each truck by 
div id ing the brake horsepower by the gross vehic le  weight and used as 
an extra independent var iab le  in the analysis of truck speeds. As 
each observed truck speed was used in this analysis instead of  the 
mean speed for  each s i te, wh i ch had been used in the analysis of  car  
and l ig h t  vehicle  speeds, i t  was not appropriate to use weighted 
regression techniques.
The simple corre lat ion  matrix of the dependent and independent 
variables used in the analysis of  truck speeds has been given in 
Table 7 .18.
The main di fferences between the f igures in Table 7.18 and the 
corre lat ion  coe f f ic ien ts  from the car and l ig h t  vehicle  speed data 
(Tables 1 . 2  and 7.13 respect ively) were the increased e f fe c t  of  
posit ive gradient ( r ise )  and the decreased e f fe c t  of negative gradient  
( f a l l ) ,  curvature, roughness and width on the speed of  trucks. As
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TABLE 7.18
C o rre la t io n  m a tr ix  o f  the t ru c k  speed data
Rise Fall Power/Weight Curvature Roughness Width Speed
Rise 1.0
Fall -0.603 1.0
Power/
Weight 0.054 0.023 1.0
Curvature 0.184 0.183 0.203 1.0
Roughness 0.117 0.051 0.199 0.687 1.0
Width -0.081 -0.046 -0.208 -0.524 -0.704 1.0
Speed -0.418 - 0.032 0.077 -0.543 -0 .428 0.418 1.0
these corre la t ion  coe f f ic ien ts  d i f fe red  from the car and l ig h t  vehic le  
speed data,  the individual e f fe c t  of each road c h a ra c te r is t ic  var iab le  
on the speed of  trucks was examined.
In the examination of  these var iables the average truck speed on 
each of  the 56 test  s i tes was used in graph plots of  the truck speeds, 
although a l l  4812 speeds were used in the analysis .  The d i s t r ib u t io n  
of the power to weight ra t ios  of  the trucks was approximately the same 
on each test  s i t e ,  since several s i tes  were used simultaneously in con­
junction with each axle-load survey. Thus the plots of these average 
speeds against the road ch a rac te r is t ic  var iables indicated the types of  
re lationships that ex isted.
These average truck speeds have been l is ted  in Table 7.19 together  
with the number of observed speeds on each test  s i t e .
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TABLE 7.19
Average truck speeds on the 56 test  s ites
Si te 
No.
No. of  
observed 
speeds
Average
speed
(km/h)
Site
No.
No. of  
observed 
speeds
Average 
speed 
. (km/h)
1 79 54.9 2 69 52.6
3 75 55.3 4 67 48.7
5 63 48.5 6 71 47.9
7 60 54.7 8 72 53.4
9 42 33.4 10 24 33.6
11 40 45.4 12 29 39.5
13 55 56.0 14 50 64.5
15 95 56.1 16 86 61.9
17 84 37.5 18 98 43.6
19 82 25.4 20 99 25.1
21 16 39.8 22 24 46.5
23 82 49.7 24 55 61.2
25 86 52.9 26 106 54.0
27 73 47.1 28 95 56.3
29 82 32.3 30 83 44.2
31 106 39.2 32 102 49.2
33 63 30.8 34 47 28.2
35 121 33.8 36 133 50.7
37 82 20.5 38 87 22.6
39 181 26.0 40 197 30.2
41 85 26.9 42 100 42.0
43 181 28.0 44 191 43.9
45 54 22.0 46 39 28.0
47 82 24.6 48 97 35.8
49 89 18.6 50 81 18.6
51 165 24.8 52 156 32.4
53 59 24.4 54 58 39.2
55 114 24.3 56 100 29.8
7.4.1 Effect  of  gradient
The average truck speeds observed on the 56 test  s i tes  have been 
plot ted against the gradient in Figure 7 .17.  This graph i l l u s t r a t e d  
the tendency fo r  truck speeds to decrease as the gradient increased,  
p a r t ic u la r ly  on posit ive  gradients.
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As in the analyses of the car and l ig h t  vehicle  speed data,  the 
truck speeds were i n i t i a l l y  divided into two groups, each from 28 s i tes  
and analysed separately for  posit ive and negative gradients.  A to ta l  
of 2367 speeds were recorded on posit ive  gradients and 2445 speeds on 
negative gradients.  A l l  4812 speeds were subsequently combined and 
analysed together for  a l l  gradients.
The resul ts of  the regression analyses are given below with the 
! t ‘ value for  each regression co e f f ic ien t  shown in brackets.  The 
percentage va r ia t io n  in speed accounted for  by the var iables in each 
equation (R ) is also given.
Posit ive gradients
V = 53.5 “ 0.294RS . . . . .  (7.60)
( “39.6) R = 0.398
V = 52.4 -  0.215RS -  0.00073(RS) 2 . . . . .  (7.-61)
( -7 .2 )  ( -2 .7 )  -
R = 0.399
log V = 3-97 -  0.00841RS '  (7.62)
6 ( -37-7)  R = 0.375
Negative gradients
V = 53.3 " 0.189F   (7.63)
( -21 .6 )  R = 0.159
V = 48.9 + 0.116F -  0 .00284(F)2    (7.64)
(3.4) ( -9 .2 )
R = 0.187
log V = 3.95 ~ 0.00496F   (7.65)e / o. -7\ o
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All gradients
V = 53.4 -  0.292RS -  0.191F 2   (7.66)
(45.5) ( -29 .5 )  R = 0.301
V = 5 0 . 5 - 0 . 153RS-0.00117(RS)2+0.060F-0.00243(F)2   (7 .67)
( -5 .6 )  (--4.5) (2 .2 )  ( -9 .3 )
R2 = 0.31^
log V = 3.96 -  0.0082ARS -  0.00511F 9 . . . . .  (7 .68)
e ( -46 .3 )  ( -28 .6 )  R = 0.308
where V is the speed of  trucks measured in km/h 
RS is the r ise  measured in m/km 
F is the f a l l  measured in m/km
The l inear  and logarithmic re lationships produced very s im i la r  
2
11 1 and R values in a l l  three cases. The use of the quadratic  terms 
in equations 7*61, 7.64 and 7.67  however, g rea t ly  reduced the 11 1
2values of  the regression coef f ic ien ts  but s l ig h t l y  increased the R 
values from the equivalent l inear  or logarithmic re la t ionsh ip .
The relationships derived using the data from a l l  the gradients  
were a combination of  the two equivalent re la tionships derived from the 
posit ive and negative gradients separately,  as the regression constants 
and coe f f ic ien ts  remained v i r t u a l l y  unaltered in these equations. The 
l inear  re lationship  (equation 7.66) has been plot ted in Figure 7.17  
together with the logarithmic re lat ionship  (equation 7 .6 8 ) .  The 
differences between the estimates of speed from the two re la t ionships  
were small,  with the logarithmic function predict ing s l ig h t l y  lower 
speeds than the l inear  function for  a l l  gradients except a t  extreme 
posit ive gradients.
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7 .4 .2  E f fe c t  o f  h o r iz o n ta l  cu rva tu re
The corre la t ion  co e f f ic ie n t  between speed and curvature given in 
Table 7.18 was -  0.543. As in the case of  cars and 1ight vehic les ,  
this value was the highest between speed and any of the independent 
var iab les ,  although i t  had decreased from a value of - 0.87  fo r  both 
cars and l ig h t  vehicles.  This r e l a t i v e l y  low value fo r  truck speeds 
was due to a l l  the individual speeds being used in the analysis instead 
of the mean speed on each s i te  which resulted in a wide sca t te r  o f  
truck speeds fo r  most s i te s ,  p a r t ic u la r l y  on the s i tes  with less steep 
gradients.
As i t  was not r e a l i s t i c  to p lot  a l l  4812 data points,  the average 
truck speeds from each test  s i t e ,  l is ted  in Table 7 .19,  have been 
plotted against curvature in Figure 7*18. For each value of  curvature,  
two speeds have been p lo t ted ,  one fo r  -each d i r e c t i  on of t r a v e l .  The 
magnitude of the differences in speed between the two d irect ions of  
travel  were large in many cases when compared with the equivalent  plots  
of car and l ig h t  vehic le  speed data in Figures 7.2  and 7.10 respect­
ive ly ,  emphasising the r e l a t i v e l y  strong e f fe c t  of posit ive  gradient  
on truck speeds.
An invest igat ion of  the e f fe c t  of curvature on truck speeds pro­
duced the fol lowing l inear  and non-l inear  regression equations with  
the ‘ t 1 values of the regression coe f f ic ien ts  shown in brackets.
V = 50.5 -  0.0286C 
( -44 .8 ) R2 = 0.294
(7.69)
V = 52.0 - 0.0038c + 0.0000095(c) 
( -17 .4 )  (4.6)
2 (7 .70 )
R2 = 0.297
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log V = 3.88 -  0.00079C 9 . . . . .  (7 .71)
e ( - 4 4 . 5 )  R -  0.292
where V is the speed of  trucks measured in km/h
C is the horizontal curvature measured in degrees/km.
The l inear  and logarithmic functions of speed produced s t a t i s t i c a l l y
2
s ig n i f ic a n t  re lat ionships ,  with s im i la r  ' t 1 and R values in equations
7.69 and 7.71.  The quadratic function of curvature (equation 7.70) also
2
produced a s ig n i f ic a n t  re lat ionship  with a s im i lar  R value but ' lower  
1t 1 values.
Both the l inear  and logarithmic functions have been p lot ted  in 
Figure 7*18 i l l u s t r a t i n g  the s im i la r i t y  between the two re la t ionsh ips .
The logarithmic function estimated s l ig h t l y  lower speeds than the 
l inear  function for  curvatures up to approximately 1000 degrees/km, 
with the maximum differences being of the order of 4 km/h a t  curvatures  
around 400 degrees/km.
7 .4 .3  Effect  of  road roughness
The corre lat ion  co e f f ic ien t  between speed and roughness given in 
Table 7.18 was - '0 . 4 2 8 .  As in the analysis of curvature, th is  vaiue  
was also low when compared with the equivalent values for  cars and 
l ig h t  vehicles due to a l l  the individual truck speeds being used in the 
analysis.  The average truck speeds for  the 56 tes t  s i tes  have been 
plotted against road roughness in Figure 7*19 i l l u s t r a t i n g  a large  
scatter  in speeds over a small range of  roughness, p a r t ic u la r l y  fo r  
values of roughness below 4500 mm/km.
The l inear  and non-l inear regression analysis produced the fo l lo w ­
ing re lationships with the 1t 1 values of the regression coe f f ic ie n ts  
shown in brackets.
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V = i»9.7 -  0.00255R ' 9   (7*72)
( -3 2 .8 )  R = 0.183
V = 60.9 -  0.00716R + 0.00000033(R)2   (7-73)
( -16 .9 )  (11.0)
R“ = 0.203
log V = 3.87 -  0.000075R «   (7-7^)
e (-3*1.9) R = 0.202
where V is the speed of  trucks measured in km/h 
R is the road roughness measured in mm/km.
The logarithmic function of  speed produced a more s ig n i f ic a n t
relationship  (equation 7.7*0 than the 1 inear re lationship  (equation 7-72)
2wi th si i ght ly higher 11 1 and R values. The quadrat i c funct ion of  roughness
2i n equation 7.73 produced a s.i gn i f  i cant re la t  ions hi p wi th a s im i la r  R val ue 
to the logarithmic function in equation 7.7*1 but with lower 1t 1 values.
These three relat ionships were s t a t i s t i c a l l y  weaker than the 
equivalent equations re la t ing  truck speeds to e i th e r  gradient or curva­
ture.  Roughness accounted f o r  only 20 per cent of  the v a r ia t io n  in 
truck speeds, whereas gradient and curvature each accounted fo r  approx­
imately 30 per cent of truck speed v a r ia t io n .
Both the l inear  and logarithmic functions (equations 7-72 and 
7-7**) have been plotted in Figure 7 .19. The logarithmic function  
estimated s l ig h t ly  lower speeds than the l inear  function except at  
extremely high values of  roughness. The maximum di fferences between 
the two estimates occurred around a roughness value of 5000 mm/km and 
were of  the order of  ^ km/h.
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7• ^ ^  E f fe c t  o f  road w id th
The corre la t ion  c o e f f ic ie n t  between speed and road width given in 
Table 7.18 was 0.^18 which again was lower than the equivalent values 
for  cars and l ig h t  vehicles.  The re lat ionship  produced from a simple 
l inear  regression analysis is given below with the ' t '  value shown in 
brackets.
V = 2.9 + 6.3W ? . . . . .  (7.75)
( -31 .9 )  R = 0.175
where V is the speed of trucks measured in km/h 
W is the road width measured in metres.
Equation 7.75 was s t a t i s t i c a l l y  weaker than the equivalent l inear  
relationships for gradient,  curvature and roughness (equations 7 .66 ,
7.69 and 7 . ’72 respect ively)  whereas in both the analysis of the car and 
l ig h t  vehicle  speed data, width had the second largest  e f fe c t  on speed.
As explained in the analysis of the car speed data, i t  was more 
appropriate to invest igate the va r ia t ion  in speed fo r  several ranges of  
road width than to p lot  speed against road width. The average speed of  
trucks for  three groups of  s i tes  divided according to th e i r  road widths 
have been l is ted  in Table 7.20.
There was a substantial increase in the average speed of trucks of
12.3 km/h between the f i r s t  and second groups of  s i te s ,  but only a 
small increase of 5.0 km/h between the second and th ird  groups. These 
f igures tended to indicate that  speeds did not increase l in e a r ly  with  
road width, therefore a re lat ionship  using a negative exponential  format 
of.w id th  was derived by an optimising method using an i t e r a t i v e  pro­
cessing technique.
25*t
TABLE 7.20
Average truck speeds for  three groups o f  road widths
Road width (metres)
W ^5.0 5 . 0 < W < 7 . 0 • W ^ 7 .0
Group No. 1 2 3
Number of  s ites 14 14 28
Average road width 
(metres) 4.6 6.3 7.6
Number of  truck 
speeds (km/h) 858 1627 2327
Average truck speed 
(km/h) 25.9 38.2 43.2
Standard deviat ion of  
truck speeds 
(km/h)
8.05 15.64 15.65
This process, which had been used in the analysis of both the car  
and l ig h t  vehicle  speed data, produced the following re la t ionsh ip .
V = 64.7 -  95 .0e“0,210W . . . . . .  (7-76)
Equation 7.76 has been plotted in Figure 7*20 together wi th the 
average truck speeds for  the three groups of road width given in Table 
7.20 and the l inear  regression re lat ionship  (equation 7-75)
Over the range of road widths encountered in the St. Lucia study 
(4.3m to 5*0m), the two relat ionships plotted in Figure 7.20 did not 
predict  vast ly  d i f f e r e n t  estimates of speed. Equation 7*76, however, 
had the tendency to increase the speeds at  a slower rate a t  higher  
values of road width, reaching an asymtote of 64.7 km/h when extrapo­
lated to large values of road width.
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7 .^ .5  E f fe c t  o f  power to  w e igh t r a t i o
The var iab le  power to weight ra t io  (PW) had not been investigated  
in the car and l ig h t  vehicle classes as the var ia t ion  of  GVW and bhp 
for  these vehicles was r e l a t i v e l y  small.  For trucks,  however, the GVW 
can vary from 3 tonnes to over 40 tonnes with the bhp ranging from 
around 60 bhp to over 250 bhp. These resu l t  in a wide range of power 
to weight rat ios (PW) which a f fe c t  the speed of  trucks.
The road charac te r is t ic  variables have been shown to have a 
strong influence on che speed of  vehicles in St. Lucia. Consequently 
truck speeds were s ig n i f ic a n t ly  af fected on the major ity  of  the test  
sites ir respect ive  of th e i r  weight or power, result ing in a low 
corre lat ion coe f f ic ien t  of 0.077 between speed and PW (as shown in 
Table 7 .18) .
This low corre lat ion  co e f f ic ie n t  indicated that  a s t a t i s t i c a l l y  
weak re lat ionship  existed between truck speeds and the PW va r ia b le .
The PW var iab le ,  however, was an adequate descr iptor  of  the v a r ia t io n  
of truck speeds within  a test  s i t e ,  with the road cha ra c te r is t ic  
var iables describing the va r ia t ion  of truck speeds between the s i te s ,  
as is shown in the next section.
7 .4 .6  Mult ip le  regression analysis
The invest igat ion of the e f fe c t  of  the individual road character­
i s t i c  variables on the speed of trucks showed that  gradient had the 
largest e f fe c t  on truck speeds with curvature having the next largest  
e f fe c t .  The corre lat ion  coe f f ic ien ts  l is ted  in Table 7.18 indicated  
that there was a high corre lat ion  between the independent var iab les  
curvature, roughness and width but not between the two components of
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gradient and the other Independent var iab les .  Therefore the var iables  
r ise ,  f a l l  and curvature were i n i t i a l l y  included as three separate 
independent var iables in a mu I t i p i e  1 inear regression analysis .
The resu l t  of th is  analysis is given below with the 11 1 values for  
the regression coe f f ic ien ts  shown In brackets.  The va r ia t ion  in speed 
accounted for by the var iables in the equation (R ) is also shown and 
the symbols used are as given before.
V = 57.4 “ 0.213RS -  0.111F -  0.021C   (7-77)
( -34 .2 )  ( -17 .8 )  ( -33 .9 )
R2 « 0.436
In equation 7.77 a l l  the regression coe f f ic ien ts  were highly  
2s ig n i f ic a n t  but the R value was approximately h a l f  the value of  the 
2
equivalent  R values for the car and l ig h t  vehicle  speed re lat ionships
(equations 7.20 and 7*49 respect ive ly ) .  The main reason fo r  the low 
2
R value in equation 7*77 was that th is  re lat ionship  was f i t l e d  to
4812 data points whereas equations 7*20 and 7.49 were f i t t e d  to only
56 data points.  This produced a large scatter  of  points fo r  the truck
2speeds, resul t i  ng in some large res i dual s and consequently a 1 ow R val ue.
In the next stage of the analysis the var iab le  PW was added to the 
three independent variables r is e ,  f a l l  and curvature. The re la t ionsh ip  
derived from this analysis is given below.
V = 49.9 -  0.214RS -  0.111F -  0.023C + 0.530PW ............ (7.78)
( -35 .6 )  ( -18 .3 )  ( -38 .0 )  (18.7)
R2 = O . W
In equation 7*78 a l l  the regression coe f f ic ien ts  were highly  
s ig n i f ican t  with the four independent var iables accounting fo r  47.4
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per cent of  the var ia t ion  in truck speeds. The inclusion of the 
var iab le  PW in the analysis improved the 1t 1 values of  r ise ,  f a l l  and
curvature when compared with equation 7.77,  in addit ion to increasing
2
the R value. The ' t '  value for  PW was highly s ig n i f ic a n t ,  but i ts  
inclusion did not substant ia l ly  a l t e r  the magnitude of the regression 
coeff ic ien ts  of  the other three independent var iab les .  This indicated 
that the var iab le  PW explained the var ia t ion  in truck speeds w ith in  a 
test  s i t e ,  w h i ls t  the other variables explained the var ia t ion  in speed 
between the s i te s .
In the analysis of the e f fe c t  of the individual var iab les ,  rough­
ness and width each influenced the speed of trucks to approximately 
the same degree. Thus in the next stage of  the analysis ,  roughness 
and width were included separately ,  together with the var iables used 
to derive equation 7*78. They were not combined and used as two 
var iables in the same analysis because the high corre la t ion  c o e f f ic ie n t  
between them resulted in an unstable re lat ionship  being derived, as had 
been shown in the analysis of  car and l ig h t  vehic le  speeds.
The relat ionships derived from th is  analysis are given below with  
the 11 1 values shown in brackets.
V = 51.9 -  0 . 2 2 2 R S - 0 .1 2 2 F -0 .0 1 7 C -  0.00106R + 0.559PW . . . . .  (7.79)
( -37.3 ) ( -20 .2) ( -20. k )  ( - 12. 3) (20 .0)
R2 = 0.*i90
V = 22.1 -  0 .223R S -0 .122F -0 .016 C  + 3.71W + 0.599PW   (7 .80)
( -38 .7 )  ( -21 .0 )  ( -24 .1 )  (20.7) (21.9)
R2 = 0.517
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The inclusion of the roughness var iab le  in equation 7.79 and the
2
width var iab le  in equation 7.80 increased the R values of these 
re lationships from the value in equation 7 .78 ,  as well  as increasing 
the 1t 1 values of the regression coe f f ic ien ts  of r ise ,  f a l l  and power 
to weight r a t io .  Equation 7.80 was s t a t i s t i c a l l y  the best re la t ionsh ip  
with the independent var iables accounting for  51.7 per cent of the 
var ia t ion  in truck speeds. This equation, however, included road width 
as a 1 inear parameter.
An a l te rn a t iv e  way of expressing the width parameter was in a 
negative exponential format,  as derived in equation 7*76. Thus 
the width var iab le  expressed as e was usecj as an independent
var iab le  instead of the l inear  function.
The re lat ionship  derived from this analysis is given below with  
the 11 1 values shown in brackets.
V = 62.9 -  0.225RS -  0.124F -  0.016C -  6 3 .4e"0,210W + 0.600PW . . . . .  (7 .81)  
( -38 .8 )  ( -21 .2 )  ( -23 .7 )  ( -20 .3 )  (21.9)
R2 = 0.516
Equation 7.81 was very s im i lar  to the re lat ionship  containing the
width var iab le  in a l inear  format (equation 7 .8 0 ) .  The magnitude of
the regression coe f f ic ien ts  of r is e ,  f a l l ,  curvature and power to
weight r a t io  in these two equations were very s im i la r ,  as were t h e i r
' t 1 values. The ! t ‘ value for  the width var iab le  in equation 7.80
2was marginally higher as was the R value for  the equation.
As in the analysis of car and l ig h t  vehic le  speeds, a logar ithmic  
format of speed was used in the truck speed analysis .  The results  of  
th is analysis are given below with the ' t 1 values shown in brackets.
log V= 3.88 -  0.006ARS -  0.0033F -  0.000A2C -  0. OOOO38R + 0.019PW . . .  (7.82)  
6 ( -39 .9 )  ( - 20 . A) ( - 19. A) ( -16 .3 )  (25.9)
R2 = 0.527
log V = 3.01 -  0.006ARS -  0.0032F -  0.000A6C + 0 . 107W + 0.Q20PW____   (7.83)
e (-A0 . 8) ( - 20 . 6 ) ( - 25 . 2) (22 . 1) (27 . 6)
R2 = 0.5A7
log V = 3 . 1 7 - 0 . 006ARS-0.0033F-0.000A0C-0.000015R+0.089W+0.020PW . .(7.8A) 
e (-A1.2) ( -21 .1 )  ( -18 .7 )  ( -5 .5 )  (15.6) (27.8)
R2 = 0.550
The logarithmic format of speed used in equations 7.82 and 7*83
produced s t a t i s t i c a l l y  stronger relat ionships than the l in e a r  format
used in equations 7*79 and 7 . 80 , with higher ' t '  values for  most o f  the
2
regression coe f f ic ien ts  and higher R values. As in the.car  and l ig h t  
vehicle speed analysis,  the combination or the var iables curvature,  
roughness and width produced a stable and s ig n i f ic a n t  re la t ionsh ip  for  
truck speeds with speed in a logarithmic format (equation 7«8A).
7 . A.7 Invest igation of truck speed estimating re lationships
A number of  s t a t i s t i c a l l y  s ig n i f ic a n t  re lationships fo r  est imat ing  
the speed of trucks were derived using the speed var iab le  in both a 
l inear  and a logarithmic format with various combinations of the road 
charac te r is t ic  var iab les .  Several of these re lationships included road 
width as a l inear  independent var iab le .
As explained in the car speed analysis ,  the d is t r ib u t io n  o f  road 
widths in developing countries tends to be bi-modal with two d i s t in c t  
groups of 'narrow1 and 'wide* roads. The f igures in Table 7.20 in 
section 7 . A.A suggested that truck speeds in St.  Lucia were also
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s ig n i f ic a n t ly  af fected by road widths of  less than 5 .0  metres whereas 
road widths greater than 5 .0  metres had l i t t l e  e f fe c t  on truck speeds. 
This was fu r the r  substantiated by evaluating the average truck speeds 
on 'narrow1 ( ^ 5 . nm) and 'wide'  (>5.Cm) roads for  d i f f e r e n t  groups of  
gradient .  These speeds have been l is ted  in Table 7.21 where a consider­
able di fference in the speed of trucks on 'narrow' and 'wide'  roads 
was evident fo r  a l 1 gradients.
The best relat ionships established for  estimating truck speeds 
without using road width as an independent var iab le  were equation 7*79 
with speed in a l inear  format and equation 7.82 with speed in a 
logarithmic format.  Both these relat ionships contained r is e ,  f a l l ,  
curvature, roughness and power to weight r a t io  as independent var iables.
I t  was not feas ib le  to compare a l l  the speed estimates from these 
two equations with those containing width as an independent v a r ia b le ,  
as ^812 data points had been used in the analysis .  Instead the average
of the truck speeds on each s i t e ,  l is ted  in Table 7*19> was used as the
observed truck speed fo r  that  p a r t ic u la r  s i t e .
To evaluate an estimated truck speed from these re la t ionsh ips ,  
i t  was necessary to input a value fo r  the PW of the truck. The average
PW of a l l  ^812 trucks used in the analysis was 15*9 bhp/tonne and i t  was
this value that was used in evaluating truck speeds. Thus the average 
of the observed truck speeds on each of the 56 test  s i tes  was compared 
with . the  estimated truck speed for that s i te  using the s ix  most s i g n i f ­
icant relationships given in section 7 .^ .6  (equations 7*79 to 7*84 
inc lus ive) .
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TABLE 7.21
Average t ru c k  speeds on “narrow 1 and ^ w id e ' roads
V/idth-^5.0m V/idth >5.0m Percentage 
decrease 
in speed 
on narrow 
roads 
( % )
Gradient  
(per cent)
No. of  
s i tes
No. of  
observed 
speeds
Average
truck
speed
(km/h)
No. of  
si tes
No. of  
observed 
speeds
Average
truck
speed
(km/h)
< 1 . 0 4 135 38.3 8 556 52.1 26.5
Uphil l
1.0 -  3.9 1 82 25 . 5* 5 332 49.8 48.8
<T\
VO1O
-3
- 1 63 30.8 5 468 41.1 25.1
7.0 » 9.9 2 136 22.0 k 529 26.6 17.3
^ 1 0 .0 1 89 18.6 3 338 24.6 24.4
Downhi11
1.0 -  3.9 1 99 25.1* 5 313 55.3 54.6
4.0  -  6.9 1 47 28.2 5 519 51.1 44.8
7.0 -  9.9 2 126 2 k . 3 4 585 37.6 35.4
^ 1 0 .0 1 81 18.6 3 311* 32.8 43.3
All gradients 14 858 25.9 k l 3954 41.3 37.3  j
*  Horizontal Curvature = 1099 degrees/km
The dif ferences between the observed and the estimated speeds 
(residuals)  were evalauted for  a l l  56 tes t  si tes and the standard 
deviat ion of  these residuals given in Table 7.22.
The smallest standard deviation of  the residuals was equation 7.80  
with speed in a l inear  format and equation 7.83  with speed in a l o g a r i th ­
mic format. Both these relat ionships included r is e ,  f a l l ,  curvature,  
width and power to weight ra t io  as l inear  independent var iab les .
The estimates of truck speeds from these two relationships have 
been l is ted  in Table 7*23 for the 56 test  s i tes together with the average
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TABLE 7.22
Standard d e v ia t io n  o f  the re s id u a ls  o f  the t ru c k  speed es t im ates
Equation
No.
Dependent
var iable
Independent
variables
Standard deviat ion  
of residuals (km/h)
7.79 V RS,F,C,R,PW* 5.75
7.80 V RS,F,C,.W,PW*; 4.76
7.81 V RS,F ,C ,e"°-210wJPW* 4.99
7.82 l°ge V RS,F,C,R,PW* 5.77
7.83 l °g e V RS,F,C,W,PW* 4.05
7.84 l°ge V RS,F,C,R,W,PW* 4.16
*  PW = 15*9 bhp/tonne
of the observed truck speeds and th e i r  respective residuals.  The 
residuals from these two equations have been plot ted against the average 
of the observed truck speeds for  each s i te  in Figures 7.21 and 7 .22 .
The use of the logarithmic function reduced the magnitude o f  the 
residuals at  low observed speeds in addit ion to several a t  high observed 
speeds, result ing in a more evenly balanced set o f  residuals over the 
range of observed truck speeds. Thus s t a t i s t i c a l l y  the best r e l a t i o n ­
ship derived for  estimating truck speeds was equation 7*83 which re lated  
a logari  thmi c function of speed to a l inear  combination of  the var iab les  
r ise ,  f a l l ,  curvature, width and power to weight ra t io .
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TABLE 7.23  
Estimates and r es idual s o f  t ruck speeds
Si te  
No.
Observed
speed
(km/h)
Equ- 7 .8 0 Equ- 7.83
Si te  
No.
Observed
speed
(km/h)
Equ- 7 . 8 0 Equ- 7 . 8 3 1
E s t i -  
ma ted 
speed 
(km/h)
Residual
(km/h)
E s t i ­
mated
speed
(km/h)
Residual
(km/h)
E s t i ­
mated
speed
(km/h)
Residual
(km/h)
E s t i ­
mated
speed
(km/h)
Residual
(km/h)
1 54 .9 54 . 3 +0. 6 53-8 + 1.1 2 52.6 54. 4 - 1 .8 54 .0 - 1 . 4
3 55. 3 54. 6 +0. 7 54. 2 + 1.1 4 48.7 55.1 - 6 . 4 55.1 - 6 . 4
5 48. 5 5 0 . 0 ■*1.5 47.5 + 1.0 6 47.9 50.3 - 2 . 4 4 8 . 0 - 0.1
7 54 .7 55. 4 - 0 . 7 55 . 6 - 0 . 9 8 53.4 55. 6 - 2 . 2 55 .8 - 2 . 4
9 33. 4 37. 4 - 4 . 0 33-1 +0. 3 10 33-6 37.4 - 3 . 8 33.1 + 0 .5
11 45. 4 48 .7 - 3 . 3 45.7 - 0 . 3 12 39.5 48. 7 - 9 . 2 45-7 - 6 . 2
13 5 6. 0 55 .3 +0. 7 55. 4 +0.6 14 64.5 5 6 . 8 +7.7 58.1 + 6 . 4
15 56.1 5 4. 6 +1 .5 5 4. 2 +1. 9 16 61. 9 56. 7 +5 .2 58 .0 + 3 . 9
17 37.5 46. 2 - 8 . 7 42.6 -5 . 1 18 43.6 48.9 - 5 . 3 4 6 . 4 - 2 . 8 1
19 25. 4 2 5. 3 +0.1 23.3 +2.1 20 25.1 28. 6 - 3 . 5 25 .9 - 0 . 8
21 39.8 46. 9 - 7.1 43 . 5 - 3 - 7 22 46.5 50. 5 - 4 . 0 4 8 . 7 - 2 . 2
23 49.7 48 .0 +1. 7 44.9 +4. 8 24 61.2 5 2 .0 +9. 2 50 .9 +10. 3
25 52. 9 46. 8 + 6 .1 43. 4 +9.5 26 5 4. 0 5 0. 9 +3.1 49. 5 + 4. 5
2? 47.1 42.1 + 5 . 0 38.0 +9.1 28 56.3 47. 6 +8. 7 45.1 + 11.2
29 32.3 36.7 - 4 . 4 32.4 - 0.1 30 44.2 43.1 + 1.1 39.7 + 4. 5
31 39.2 43. 6 - 4 . 4 39.6 - 0 . 4 32 49.2 50. 2 - 1 .0 4 8 . 7 + 0. 5
33 30. 8 25 .0 +5. 8 23.2 +7.6 34 28.2 31. 6 - 3 . 4 2 8. 6 - 0 . 4
35 33-8 43.1 - 9 . 3 39.0 - 5 . 2 36 50.7 50.1 +0 .6 48 .7 +2 . 0
37 20. 5 14.4 +6.1 17.1 +3.4 38 22.6 23.2 - 0 . 6 2 2. 5 +0.1
39 26. 0 2 0. 7 +5. 3 20.5 +5.5 40 30.2 29. 5 +0. 7 2 7 . 0 + 3 .2
41 26.9 33.5 - 6 . 6 29.6 - 2 . 7 42 42.0 42. 3 - 0 . 3 39.1 + 2 .9
*»3 2 8. 0 30.1 - 2.1 26 . 8 + 1.2 44 43.9 39. 3 +4.6 3 6. 0 +7 .9
45 2 2. 0 18.2 +3 . 8 19-0 + 3. 0 46 28.0 2 7. 4 +0 .6 2 5. 5 +2 .5
*»7 24.6 30.3 - 5 . 7 2 7. 0 - 2 . 4 48 35.8 39. 6 - 3 . 8 3 6. 3 - 0 . 5
49 18.6 9 . 8 +8 . 8 15-0 +3.6 50 18.6 19.8 - 1.2 2 0. 6 - 2 . 0
51 2 4. 8 23. 2 + 1.6 2 2. 0 +2 . 8 52 32.4 33.5 - 1.1 30. 5 + 1 .9
53 24.4 33.2 - 8 . 8 29-3 - 4 . 9 54 39.2 4 3. 8 - 4 . 6 41.1 - 1 . 9
55 24.3 23 . 9 +0. 4 2 2. 5 + 1.8 56 29.8 35.1 - 5 . 3 32.1 - 2 . 3
Equation 7 . 80
V = 22.1 -  0.223RS -  0 .122F -  0.016C + 3-71W + 0.599PW*
Equation 7-83
loge V = 3.01 -  0.0064RS -  0.0032F -  0.00046C + 0.107W + 0.020PW* 
*  PW = 15-9 bhp/tonne
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7.5 Comparison o f  re s u l t s  from weighted and o rd in a ry  reg ress ion  a n a ly s is
In the analysis of car and l ig h t  vehicle speeds, weighted regression 
techniques were used to derive speed estimating re lat ionships .  The 
weighting factors used in th is  analysis were inversely proportional to 
the variance of the speeds observed at  each test  s i t e .  ' T h i s  resulted  
in high weighting factors for  the s i tes  that had a small range of  speeds, 
which tended to be s i tes  that were narrow and had a high degree of  
curvature.
Although i t  is s t a t i s t i c a l l y  correct to use weighted regression 
analysis on th is  type of data,  a number of ordinary regression analyses 
were carried out to investigate  the e f fe c t  of these weighting fac tors .  
Ordinary mult ip le  regression analysis was carr ied out using the groups 
of independent variables that had been shown to produce the most 
s ig n i f ican t  relat ionships in the weighted regression analys is ,  with  
l inear  and logarithmic functions of  speed for both the car and l ig h t  
vehicle  data.
The regression constants and coe f f ic ien ts  from both the weighted
and ordinary regression analyses of the car and l ig h t  vehic le  speeds
2
are given in Tables 7.24 and 7.25 respect ive ly .  The R value of each 
equation is also given, with the ' t 1 value for  each regression 
c o e f f ic ie n t  shown in brackets.
A comparison of  the results in Tables 7.24 and 7.25 showed that  in
each case the weighted regression analysis produced a more s ig n i f i c a n t
2re la t ionsh ip ,  with higher 1t 1 and R values, than the ordinary regression  
analysis.  In the case of  l i g h t ' vehicles,  the ordinary regression 
analysis produced an unstable re lationship  when the roughness var iab le  
was included, as the ' t 1 value of  the co e f f ic ie n t  o f  R was not
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TABLE 7 .2 4
Car speed e s t i m a t i n g  r e l a t i o n s h i p s  from we ighted  and o r d i n a r y  
' r e gr es s io n  a n a l y s i s
Type c f Dependent Regress ion Regression c o e f f i c i e n t s R2
a n a l y s i  s v a r i a b l e con sta nt RS F c R W v a l u e
weighted V 3 6 . 7 - 0 . 0 7 6
( “ 7 . 0 )
- 0 . 0 6 5
( - 5 . 8 )
- 0 . 0 2 6
( - 1 7 . 3 )
+ 4 .0 9
( 1 1 . 3 )
0 .961
o r d i n a r y V 32.6 - 0 . 0 8 2
( - 5 . 1 )
- 0 . 0 5 8
( - 3 . 6 )
- 0 . 0 2 3
( - 1 2 . 0 )
+ 4 . 82
( 1 0 . 8 )
0 . 9 2 7
weighted log Vye 3 . 5 0 - 0 . 0 0 1 5( - 7 . 2 )
-0.0012.
( - 5 . 7 )
- 0 . 0 0 0 5 3
( - 2 0 . 8 )
+0 . 1 0 4
( 1 4 . 6 )
0 . 9 7 4
o r d i n a r y log V 
3e 3 .^ 9 -0 . 0 0 1 5
( - 5 . 7 )
- 0.0010
( - 3 . 9 )
-0 . 0 0 0 5 3
( - 1 6 . 8 )
+ 0 . 10 4
( 1 4 . 4 )
0 . 9 5 8
weighted log V 3e 3 . 6 8 - 0 . 0 0 1 6( - 3 . 8 )
- 0 . 0 0 1 3
( - 7 . 1 )
- 0 . 0 0 0 4 8
( - 1 8 . 9 )
- 0 . 000012 
( - * * . 5 )
+ 0 . 08 2
( 1 0 . 4 )
0 .981
o r d i n a r y log V
3e 3.61 • - 0 . 0 0 1 5( - 5 . 8 )
- 0 . 0 0 1 0
( - 4 . 0 )
- 0 . 0 0 0 4 9
( - 1 3 . 6 )
- 0.000010
( - 2 . 1 )
+0.091
( 9 . 8 )
0.961
TABLE 7 . 2 5
L ig h t  v e h i c l e  speed e s t i m a t i n g  r e l a t i o n s h i p s  from we ighted  and o r d i n a r y
re gr es s io n  a n a l y s i s
Type o f Dependent Regress i on Regression c o e f f i c i e n t s R2
ana 1ys i s v a r i a b l e c o n s tan t RS F C R W
v a lu e
w eighted V 40 .1 - 0 .0 8 3
( - 7 . 9 )
-0 . 0 6 7
( - 6 . 0 )
-0 .0 2 1
( - 1 6 . 1 )
+ 3 .0 0
( 8 . 4 )
0 .9 4 9
ord i  nary V 3 6 .3 - 0 .1 0 6
( - 6 . 4 )
- 0 .0 6 9
( - 4 . 2 )
-0 .0 2 1
( - 1 0 . 6 )
+3 .81
( 8 . 4 )
0 .9 0 9
weighted l ° g eV 3 .5 9 -0 .0 0 1 8
( - 7 . 8 )
-0 .0 0 1 5
( - 5 . 9 )
-0 .0 0 0 5 2
( - 1 8 . 0 )
+ 0 .0 8 4
( 1 0 .5 )
0 .961
o rd in a r y lo g<V 3 .5 8 -0 .0 0 2 1
( - 7 . 0 )
-0 .0 0 1 3
( - 4 . 4 )
-0 .0 0 0 5 1
( - 1 4 . 0 )
+ 0 .0 8 6
( 1 0 .3 )
0 .9 4 0
weighted togeV 3 .7 7 - 0 .0 0 1 9
( - 9 . 1 )
- 0 .0016
( - 7 . 0 )
- 0 .0 0 0 4 7
( - 1 5 . 9 )
-0 .0 0 0 0 1 2
H » . o )
+ 0 .0 6 0
( 6 . 6 )
0 .9 7 0
o rd in a r y l ° g ev 3 .6 3 -0 .0 0 2 1
( - 6 . 9 )
- 0 .0013
( - 4 . 4 )
- 0 .0 0 0 4 8
( - 1 1 . 3 )
-0 .0 0 0 0 0 5
( - 0 . 9 )
+ 0 .0 7 9
( 7 . 1 )
0 .9 3 9
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s t a t i s t i c a l l y  s ig n i f ic a n t .  The co e f f ic ie n t  of  R in the equivalent  
re lat ionship  fo r  cars was barely s ig n i f ic a n t  at  the 5 per cent le v e l .
Although the relationships derived using ordinary regression
2analysis produced lower 11' and R values, the magnitude of  the 
regression constants and coe f f ic ien ts  did not substan t ia l ly  a l t e r  from 
those of the weighted regression analysis.  This indicated that  the 
speeds estimated from the relationships derived using e i th e r  regression  
technique were s im i la r .  Thus the use of  the weighting factors did not 
a l t e r  the magnitude of  the e f fe c t  of any of  the independent var iab les .
7.6 Cone!us ions
In this chapter,  the author has invest iga ted . the e f fe c t  of  various  
road character is t ics  on the speed of three classes of vehic le  on paved 
roads in St. Lucia; cars, 1ight vehicles and trucks. For the truck  
class, the e f fe c t  of  the vehicle character is t ics  on speed were also  
exami ned.
In the analysis of a l l  three vehicle  classes, the curvature of  
the road was shown to have the largest e f fe c t  on speeds, with  road 
roughness and road width also exhib i t ing strong influences. Gradient  
had l i t t l e  e f fe c t  on speeds except in the case of  trucks, where pos i t ive  
gradients had a substantial  e f fe c t .  The high correlat ions between the 
variables curvature, roughness and width prohibited the inclusion of  
a l l  three variables in the same re la t ionship ,  with curvature and width 
suppressing the influence of roughness.
Vehicle speeds were great ly  reduced on roads that were less than 
5.0 metres wide, whi ls t  roads that were wider than 5.0 metres had l i t t l e  
e f fe c t  on speeds. I t  was not possible to establ ish speed reduction
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factors for  these narrow roads, as there were only test  s i tes  in 
th is  category with a range of  only 0.7 metres i n thei r widths (A.3 metres 
to 5.0 metres).  A negative exponential function of  width did not pro­
duce substantial  ly d i f f e r e n t  speed estimates from those produced by 
the use of  a l inear  format of  width.
Several s t a t i s t i c a l l y  highly s ig n i f ic a n t  re lationships were derived  
for  estimating vehicle speeds for  each of the three classes o f  veh ic le .  
The use o f  a logarithmic function of  speed resulted in marginal ly  
bet ter  equations being derived than when a l inear  function of  speed 
was used. As the di fferences in the estimates from the two types of  
functions were small and there is no indicat ion in previous theoret ica l  
or empirical work to suggest that  speeds are influenced in a logarithmic  
manner, the l inear  relat ionships were considered to be adequate pre­
dictors of  vehic le  speeds. The l inear  format also enabled the r e l a t i o n ­
ships to be used more conveniently and the e f fe c t  of each var iab le  could 
be examined more eas i ly .
The most s ig n i f ican t  re lationships established with speed as a 
l inear  function included the variables r is e ,  f a l l ,  curvature and road 
width for  a l l  three classes of vehic le ,  plus the var iab le  power to 
weight r a t io  for  the truck class. For the cars and l ig h t  veh ic les ,  
these variables accounted for  96 per cent and 95 per cent o f  the 
var ia t ion  in speeds respect ive ly ,  where the mean speed on each tes t  
s i te  was used in the analysis,  in the case of  trucks, these var iables  
accounted for 52 per cent of the va r ia t ion  in speed, where the individual  
speeds of  the trucks were used in the analysis.
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The weighted regression technique used in the analyses of  car and 
l ig h t  vehic le  speeds was shown to produce more s ig n i f ic a n t  relat ionships  
than ordinary regression techniques, without substant ia l ly  a l te r in g  the 
magnitude of the e f fe c t  of  the var iables.
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8. ANALYSIS OF THE VEHICLE FUEL CONSUMPTION EXPERIMENTS
'8*1 Introduction
This chapter contains the deta i led analysis of the vehic le  fuel  
consumption experiments conducted under control led operating conditions  
in St.  Lucia.
The main object ive of  these vehicle  fuel consumption experiments 
was to produce a set o f  fuel estimating re la tionships as an aid in 
making investment decisions concerning rural roads in developing 
countries. As there is l i t t l e  t r a f f i c  inte raction on rural roads in 
developing countries, extra fuel consumed in accelerating and decel ­
erat ing was not considered in th is  study. Other factors a f fe c t in g  
fuel consumption, such as wind ve loc i ty  and the gear in which the 
vehic le  is dr iven, also were not considered, as the highway planners 
who make use of  the estimating relat ionships are u n l ike ly  to have 
knowledge of these factors.  Deriving r e l a t i v e l y  simple, yet  
accurate re lat ionships ,  enables the p rac t i t io n e r  to apply them e a s i ly  
without having to evaluate,  or maybe even guess, a large number of  
parameters.
In the St.  Lucia study three instrumented vehicles,  described in 
deta i l  in Chapter 6, were used in the fuel consumption experiments,  
representing three classes of vehic le .  The car,  t ra n s i t  van and truck  
were run at  a series of constant speeds over a wide range of  test  
sections with the i r  fuel consumption being monitored.
The fuel consumption data have been analysed using the standard 
least squares regression technique discussed in Appendix IV. Separate 
analysis has been carried out for  the three test  vehicles and the
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results o f  th is  analysis are discussed In de ta i l  ind iv idu a l ly  for  each 
vehic le .
8.2 Analysis of the car fuel consumption
The instrumented car was run over the 82 test  sections l is te d  in 
Appendix I in both direct ions at  a series of  constant speeds ranging 
from approximately 16 km/h (10 mph) to the maximum speed a t ta in a b le  on 
each test  section at  increments c f  8 km/h (5 mph). Thus a set of  
speed/fuel consumption f igures were evaluated fo r  each d i rec t ion  of  
travel  on a l l  82 test  sections giving a to ta l  of  1Ck sets o f  f igures  
fo r  a wide range of road geometry and road surface condition parameters.
Of the 82 test  sections 13 had gradients that were less than one 
per cent ( < 1 0  m/km) and were referred to as ' f l a t 1 test  sections. The 
to ta l  number of speed/fuel consumption f igures measured in both 
direct ions on these 13 f l a t  test  sections was 208, with  h~]2 pairs of  
f igures measured in the d irect ion  of the posit ive  gradient on the 
other 69 test  sections and 481 pairs on the negative gradients.  This 
produced a to ta l  of 1161 speed/fuel f igures for  16A d i f f e r e n t  road 
characteri  s t i c s .
The factors considered in the analysis of  the fuel consumption of  
the car were the speed of the vehicle  and the road charac te r is t ics  
( r i s e ,  f a l l ,  curvature, roughness and road w idth) .  The simple c o r r e la ­
t ion coe f f ic ien ts  between these independent var iables and fuel consump­
tion are given in Table 8 .1 .
The highest correlat ion coe f f ic ien t  was between fuel consumption 
and r ise ,  with the value between fuel consumption and f a l l  being the
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next highest,  indicat ing that the two components of gradient exerted 
the strongest influence on the fuel  consumption of cars.
TABLE 8.1
C o r re la t io n  m a tr ix  o f  the car fu e l consumption data
Ri se Fall Curvature Roughness Width Speed Fuel
Ri sc 1.0
Fall -0.582 1.0
'
Curvature 0.206
'
0.217 1.0
Roughness 0.133 0.069 0.367 1.0
Width 0.039 o.okk -0 .144 -0.573 1.0
Speed -0.083 -0.022 -0.122 -0.240 0.179 1.0
Fuel 0.955 -0.693 0.196 0.142 -0.022 -0.091 1.0
8.2.1 Effect  of gradient
The analysis of the fuel consumption of cars was i n i t i a l l y  
divided into three basic categories
( i )  Posit ive gradients
( i i )  Negative gradients
( i i i )  All  gradients
The data points from the 13 f l a t  sections were included in both 
the posit ive and negative gradient categories. This enabled separate 
relationships to be established fo r  the whole range of pos it ive  and 
negative gradients instead of only fo r  gradients over one per cent.
The number of data points used in each category was 680 fo r  pos i t ive
gradients,  689 for negative gradients and 1161 for  a l l  gradients.
The relationships derived for the three categories are given 
below with the 11 1 value for  each regression c o e f f ic ie n t  shown in
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brackets and the var ia t ion  accounted for by the variables in each
2equation denoted by R .
Pos i t i  ve grad ? ents
FL = 68.3 + 1.317RS ,    (8 .1 )
(89 . 7) R = 0.922
Negative gradients
FL = 67.9 -  0.359F ,  . . . . .  (8 .2 )
( -25 .0 )  R = 0.1)75
Ail  gradients
FL = 6 5 . 4  + 1.3^9RS -  0.331F  . (8 .3 )
(95.0) (-23 .*0  R « 0.941
where FL is the fuel consumption measured in ml/km
RS is the r ise measured in m/km
F is the f a l l  measured in m/km
In a l l  three equations a l l  the regression coe f f ic ien ts  were
s t a t i s t i c a l l y  highly s ig n i f ic a n t  a t  bet ter  than the 0.1 per cent l e v e l . 
!n equation 8 .1 ,  r ise  accounted for  92.2  per cent of the v a r ia t io n  in 
fuel consumption on posit ive  gradients whereas in equation 8 .2  f a l l  
accounted for 47.5 per cent of  the var ia t ion  on negative gradients.
Both equations predicted that fuel consumption of cars on f l a t  roads 
was approximately 68 ml/km as is shown in the p lot  of these two equa­
tions in Figure 8 .1 .  The plots in Figure 8.1 indicated a sudden change
in the rate of fuel consumption in vehicles t ra v e l l in g  on pos i t ive  
gradients to those t ra v e l l in g  on negative gradients.  This change in 
the rate  is more gradual in r e a l i t y  and subsequent analysis in th is  
chapter i l l u s t r a te s  this trend.
The analysis of fuel consumption on a l l  gradients produced 
equation 8 .3 ,  with r ise and f a l l  accounting fo r  94.1 per cent of the 
var ia t ion  in fuel consumption. Basical ly  equation 8.3 was a combination
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Positive gradients 
equation FL = 68.3 + 1.317RS240
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Car fuel consumption 
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Negative gradients equation 
FL = 67.9 -  0.359 F All gradients equation 
FL = 65.4 + 1.349 RS -  0.331 F
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Fig. 8.1 Plot of linear regression equations relating car fuel 
consumption to gradient
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of equations 8.1 and 8.2 as can be seen from the plots in Figure 8.1 
and the estimates of fuel consumption from these three equations given  
in Table 8 .2 .
TABLE 8.2 .
Estimates of car fuel consumption fo r  varying gradients
Gradient
(m/km)
Fuel consumption (ml/km)
Pos i t ive  
gradients
Equ- 8.1
Negative 
grad ients
Equ- 8.2
A11 
grad i ents
Equ- 8.3Ri se Fall
0 0 68.3 67.9 65.4
50 - 13**.2 - 132.9
100 - 200.0 - 200.3
1**0 - 252.7 - 25**.3
- 50 • - 50.0 **8.9
- 100 - 32.0 32.3
- 1**0 - 17.6 19.1
Low values of fuel consumption were recorded on downhill gradients,  
result ing in a l inear  regression re lationship  being derived which tended 
to produce negative estimates of fuel consumption under severe negative  
gradient conditions. Equation 8.2 predicted negative estimates fo r  the 
car on downhill gradients over 19 per cent which was outside the range 
encountered in St. Lucia. However, negative estimates of  fuel  consump­
tion fo r  the t ra n s i t  van and truck were predicted on less severe downhill  
gradients by the use of the var iab le  f a l l  in a l inear  format,  as 
shown in the analysis of  these two vehicles in sections 8.3 and 8 . A.
On downhill gradients the momentum of the vehic le  helps to increase  
i ts  speed, f i n a l l y  reaching a condit ion on steep sections o f  road where
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no extra  energy is required through the engine to maintain the vehicles  
speed. Theore t ica l ly ,  on these steep gradients,  the only fuel being 
consumed by the vehicle is the fuel necessary to keep the engine id l in g .  
In p rac t ice ,  however, the engine is usually used fo r  braking by t r a v e l ­
l ing in a lower gear to keep the vehic le  within a contro l lab le  speed, in 
addit ion to the use of the normal brakes of  the vehic le .  T rave l l ing  in 
a low gear results in the engine revolutions being high and consequently 
any use of the accelerator produces a higher fuel consumption than would 
be expected i f  the vehicle  was being driven at the same speed in top gear.  
This is i l lu s t r a te d  diagrammatically below.
Fuel
consumption
Engine
idling
Engine being 
used as a brake
Downhill gradient Uphill gradient
Fig 8.2 Diagrammatical representation of vehicle  fuel consumption on
negative gradients.
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To produce a re lationship  which would predict  an increase in fuel  
consumption on severe negative gradients,  as shown in Figure 8 .2 ,  a 
quadratic term in f a l l  was added as an extra independent va r iab le  into  
the analysis.  The result  of  this analysis is given below with the 11 1 
values shown in brackets.
FL = 68.1* + 1.316RS -  0.666F + 0.00303(F) 2 . . . . .  (8 .4 )
(89.9) ( -13 .9 )  (7 .3 )
R2 = 0.943
Equation 8.4  was s t a t i s t i c a l l y  highly s ig n i f ic a n t  and has been 
plotted in Figure 8.3 together with the equivalent equation without the 
quadratic term in f a l l  (equation 8 . 3 ) .  The two equations predicted very 
s im i la r  estimates of fuel consumption on the uph i l l  gradients whereas 
on steep downhill gradients equation 8.4 predicted higher values than 
the re lationship  containing the var iable  f a l l  only in a l inear  format  
(equation 8 . 3) .
The shape of  the curve on negative gradients of equation 8 .4  was 
s im i la r  to the curve that could be expected considering the p ract ica l  
aspects of dr iv ing on downhill sections of  road, as was demonstrated in 
Figure 8 .2 .  Thus equation 8.4 was considered the more appropr iate form 
of  re lationship  to use for  estimating fuel consumption.
8.-2.2 Ef fe c t  of vehicle  speed
The fuel consumption of the car varied with speed on each test  
section. Five of the 164 sets of speed/fuel consumption f igures have 
been plotted in Figure 8.4 for  gradients ranging from extremely steep 
(13-3 per cent) to almost f l a t  (0.3 per cent) .  In each case the p lot  
of fuel consumption against speed produced a U-shaped curve which has 
been drawn 'by eye' through each set of f igures.
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Fig. 8.3 Comparison of linear and quadratic functions of the variable fall used in estimating car fuel consumption
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Fig 8.4 Plot of car fuel consumption against speed
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This type of curve is described by the following equation
FL = + bV2 + c    (8 .5 )
where FL is the fuel consumption
V Is the vehicle speed
a ,b ,c  are constants
26 25This form of equation had beed used by Dawson and Everall  to
describe speed/fuel consumption relat ionships in e a r l i e r  work as well
as having been used in the analysis of previous VOC studies in Kenya^
32and India .
In the next stage of the analysis vehic le  speed was introduced as 
two independent variables ( V v and V ) .  The resul ts of th is  analysis  
are given separately for  the three categories of  gradients used in 
section 8 .2 .1 ,  with the ' t 1 values of the regression co e f f ic ien ts  shown 
in brackets.
Posit ive  gradients
FL = 24.9 + +  0.00788V2 + I . 339RS . . . . .  (8 .6 )
( 12. 0) ( 10.6 ) (97 .9 )
R2 = 0.936
Negative gradients
FL = 20.4 + — f t  + 0.00708V2 -  0.343F   (8 .7 )V
(15.4) (10.4) ( -27 .4 )
R2 = 0.616
FL = 26.8 + + 0.00648V2 -  0.737F + 0.00348F2   (8 .8 )
(16.1) (10.2) ( -18 .7 )  (10.5)
R2 = 0.669
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A11 g ra d ie n ts
FL = 20.3 + + 0.00789V2 + 1.3&7RS -  0.313F    (8 .9 )
(15.6) (12.3) (10*1.3) ( -24 .1 )
R2 = 0.951
FL = 2*1.3+^rp+0 .00758V2 + 1 .33*tRS -  0.630F + 0 . 00286F2 . . .  (8.10)
(15.7) (12.1) (98.7) (-1*t .**) (7 .6)
R2 = 0.953
where FL is the fuel consumption measured in ml/km
V is the car speed measured in km/h
RS is the r ise  measured in m/km
F is the f a l l  measured in m/km
All  the regression coe f f ic ien ts  were highly s ig n i f ican t  in the 
above f iv e  equations. The ' t 1 values of  the regression c o e f f ic ien ts  of
r ise and f a l l  increased with the introduction of the var iables V v  and
2 2 V from those given in the equivalent equations without V v  and V in
2
section 8 .2 .1 ,  as did the R value for  each equation. The inclusion  
of V v and did not a l t e r  the magnitude of  the regression co e f f ic ie n ts  
of the var iables r ise  and f a l l  by a large amount, indicat ing that  the 
two speed variables explained the var ia t ion  of  the fuel consumption 
within  a test  section caused by changes in the speed of the car.
As shown in section 8 .2 .1 ,  the var iab le  f a l l  in a quadratic  
function was the more appropriate form to use to explain fuel consump­
tion on negative gradients.  I ts  inclusion in equations 8 .8  and 8.10  
produced highly s ign i f ican t  re lationships and s l ig h t ly  improved the R 
values of these equations from those in equations 8.7 and 8.9 respect ive ly .
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S t a t i s t i c a l l y  the best re lationship  derived for  estimating the
2
car fuel consumption was equation 8.10 with the variables V v ,  V , RS,
2
F, F explaining 95.3 per cent of the var ia t ion  in fuel consumption on 
a l l  gradients.  This equation has been plot ted in Figure 8.5 fo r  vehic le  
speeds of  20 km/h, 50 km/h- and 80 km/h.
The fual consumed by the car t ra v e l l in g  at  20 km/h was more than 
when t ra v e l . ' 7 ng a t  50 km/h but less than when t ra v e l l in g  at  80 km/h on 
uniform gradients.  For a constant gradient ,  equation 8.10 predicted  
that  the minimum amount of  fuel consumed by the car would be at  a 
steady speed of kO.O km/h.
i . e .  when = -  -=^r + 2 ( 0 . 00758V) = 0dV v2
Estimates of  fuel consumption from equation 8.10 have been compared 
with the estimates from the relationships derived separately fo r  pos it ive  
and negative gradients (equations 8.6 and 8.8)  for  a range of  speeds 
and gradients in Table 8 .3 .
The estimates of  fuel consumption from equation 8.10 were very  
simi lar  to the estimates from the relat ionships derived separately fo r  
posit ive and negative gradients for  the range of gradients encountered 
in the St. Lucia study. Thus the fuel consumption re la t ionship  derived  
using data from a l l  the gradients was an adequate estimating equation 
in place of the two individual re lationships .
8 .2 .3  Ef fect  of other road character is t ics
In the next stage of the analysis the e f fe c t  of  the other road 
charac te r is t ic  variables were investigated. The low values of  the 
corre lat ion  coe f f ic ien ts  between fuel consumption and these va r iab les ,
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TABLE 8.3
Fuel consumption es t im ates  o f  the car f o r  a range o f  speeds
and gradients
Car
speed
(km/h)
Gradient
(m/km)
Fuel consumption (nil/km)
Posi t iv e  
grad ients
Equ- 8.6
Negative 
grad i ents
Equ- 8.8
All  
grad ients
Equ- 8.10
....................i
Ri se Fall
20 0 0 73.9 83.5 75.8
50 0 0 62.9 64.6 62.6
80 0 0 86.8 81.8 84.9
20 140 - 261.4 - 262.5
50 140 - 250.4 - 249.4
80 140 - 274.3 271.7
20 - 140 - 48.5 43.7
50 - 140 - 29.7 30.5
80 - 140 - 46.8 52.8
(curvature, roughness and road width) given in Table 8 .1 ,  indicated  
that  on th e i r  own they had very l i t t l e  influence on fuel consumption. 
Thus these three var iables were,each in turn,  included in a regression  
analysis together with the var iables in equation 8.10.
The results of this analysis are given below with the * t 1 values 
shown in brackets.
FL = 21.4 0.00801V2 + 1.260RS - 0.726F + 0 . 00307F2 + 0. 0187C . . .  (8 .11)
(17.1) (13.7) (92.1) ( -17 .6 )  (8 .8 )  (13.6)
R2 = 0.960
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FL = 19.3 + ^ p . +  0.00796V2 + 1. 316RS -  0.654F + 0.00295F2 + 0.001&1R . .  (8.12)
(15.8) (12.9) (97.6) ( -15 .3 )  (8 .0 )  (7 .0 )
R2 = 0.955
FL = <(2.9 + ^ rp  + 0.00771 V2 + 1.342RS -  0.610F + 0.0027<(F2 -  2.60W . . . .  (8.13)
(15.5)  (12.4) (100.0) ( -14 .1 )  (7 .3 )  ( -5 .5 )
R2 = 0.954
where C is the horizontal curvature measured in degrees/km
R is the roughness measured in mm/km
W is the road width measured in metres 
and the other symbols are as given before.
All  the regression coe f f ic ien ts  in the above three equations were 
highly s ig n i f ic a n t .  Of the three equations, equation 8.11 was s t a t i s t ­
i c a l l y  the most s ig n i f ic a n t ,  with the highest ' t 1 values fo r  most of the
2regression coe f f ic ien ts  and the highest R value. In th is  equation the
2 2
variables ^ v ,  V , RS, F, F and C explained 96.0  per cent of  the
var ia t ion  in the fuel consumption of the car.
Although equation 8.11 was s t a t i s t i c a l l y  a marginally be t te r  
re lat ionship  than equation 8.10, the magnitude of  the addit ional  var iable ,
curvature, was small.  The co e f f ic ie n t  of C indicated that  an increase in
curvature of 100 degrees/km resulted in an increase of 1.87 ml/km in the 
fuel consumption of the car.  S im i la r ly  in equation 8.12,  the c o e f f ic ie n t  
of R indicated that  an increase in roughness of 1000 mm/km produced an
increase in fuel consumption of 1.61 ml/km, while in equation 8.13» fo r
each one metre reduction in road width, the increase in fuel consumption 
was 2.6 ml/km.
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I t  was reasonable to expect that curvature, roughness and road 
width would not show any great influence on fuel consumption in an 
experimental invest igat ion such as th is  because the test  vehicles were 
operated a t  controlled speeds, thus reducing the e f fe c t  of these 
factors .  However, in normal operation the influence of these three 
factors would be in d i re c t ly  ref lected by th e i r  influence on speed.
The analysis of the factors a f fec t ing  vehic le  speeds in Chapter 7 
showed that  curvature, roughness and road width a l l  exhibited a strong 
influence on the speed of  cars whereas gradient had l i t t l e  e f f e c t .  
Therefore the use of the speed var iab le  in fuel estimating re lationships  
in d i re c t ly  included the e f fe c t  of  these three factors result ing in 
regression coe f f ic ien ts  of  small magnitude for  C, R and W in equations 
8.11,  8.12 and 8.13 respect ive ly .
As the e f fe c t  of curvature, roughness and road width were included 
in the speed var iab le ,  equation 8.10 was the most appropriate r e la t io n ­
ship to use for  estimating the fuel consumption of  the car.  This
re lationship  was s t a t i s t i c a l l y  highly s ig n i f ic a n t  and r e l a t i v e l y  simple,
2 2 using only components of  speed ( V v  and V ) and gradient (RS, F and F )
to explain over 95 per cent of the v a r ia t io n  in the car fuel consumption.
8.3 Analysis of the t ra n s i t  van fuel consumption
The t ra n s i t  van was operated in two load conditions; empty and 
loaded giving gross vehicle weight of 1.61 tonnes and 2.60 tonnes 
respect ive ly .  As explained in Chapter 6, of six repeat runs made by 
the test  vehic les ,  the mean speed and fuel consumption of the four most 
consistent runs were evaluated and used in the analysis .  I t  was not 
always possible to complete six uninterrupted runs on a l l  the test
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sections a t  each constant speed for various reasons, such as obstructions  
caused by other t r a f f i c  or road repair  work. The fuel consumption 
experiments were conducted over a period of several months, therefore  i t  
was usually possible to return at  a l a te r  date to a test  section to com­
plete  the test  runs.
The t ra n s i t  in the empty condit ion was run over a l l  82 tes t  sections 
in both d irect ions giving a tota l  of 164 sets of  speed/fuel f igures .  The 
t ra n s i t  in the loaded condit ion was run over a l l  82 test  sections in both 
direct ions except in the uphil l  d i rect ion  of section 10, g iv ing a to ta l  
of 163 sets of speed/fuel f igures.
As in the analysis of  the car fuel consumption, the t r a n s i t  data 
were divided into three groups of gradients; ' f l a t 1 (RS, F < 1 0  m/km), 
posit ive  gradients ( RS >10 m/km) and negative gradients (F >10 m/km).
The number of pairs of speed/fuel consumption f igures measured in each 
group is given in Table 8 .4 .
TABLE 8.4
Number of t ra n s i t  speed/fuel data points
Grad ient  
(per cent)
Transit
■ ■ ■ 1 ■ ■ i
Total
Empty Loaded
RS, F < 1 . 0 204 181 385
RS > 1 .0 477 377 854
F > 1 .0 495 435 930
All  gradients 1176 993 2169
The number of  data points for the t ra n s i t  loaded was less than the 
number for  the t ra n s i t  empty in each group because the range of speeds 
at ta ined in the loaded condit ion was less than the range a t ta ined in
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the empty condit ion, p a r t ic u la r l y  on steep uphil l  sections. For 
example, on the steep uphil l  test  sections of the Morne ( te s t  sections 
1 to 9) the maximum speed achieved in the loaded condition was hO km/h, 
whereas in the empty condit ion the maximum speed was 65 km/h.
The factors considered in the analysis of  the fuel consumption of  
the t ra n s i t  were vehicle  speed, r is e ,  f a l l ,  curvature, roughness and 
road width as in the analysis of  the car data,  with the addit ional  
var iables of gross vehicle weight (GVW) and power to weight r a t io  (PW). 
The analysis was divided into three basic categories: -
( i )  Transit  -  empty
( i i )  Transit  -  loaded
(i i i )  Transi t  -  empty + loaded
The corre la t ion  coe f f ic ien ts  between the independent var iab les  and 
the fuel consumption for the t ra n s i t  empty, loaded and empty + loaded
are given in Tables 8 .5 ,  8.6 and 8.7 respect ive ly .
The corre lat ion co e f f ic ien t  between gross vehic le  weight (GVW) 
and power to weight ra t io  (PW) in Table 8.7 was “ 1,0 ,  as PW = bhp/GVW
where the brake horsepower (bhp) of the vehicle  was constant.  Conse­
quently the corre lat ion  between any var iab le  and GVW was equal in 
magnitude but opposite in sign to the corre la t ion  between that  va r iab le  
and PW.
As in the car data,  the highest corre la t ion  coe f f ic ien ts  were
between fuel consumption and the two components of gradient  ( r i s e  and
f a l l ) ,  indicat ing that gradient had the largest e f fe c t  on the fuel  
consumption of the t ra n s i t .
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TABLE 8.5
C o rre la t io n  m a tr ix  o f  the t r a n s i t  (empty) fu e l  consumption data
Rise Fall Curvature Roughness Width Speed Fuel
Ri se 1.0
Fall -0.588 1.0
Curvature 0.207 0.203 1.0
Roughness 0.109 0.056 0.404 1.0
Width 0.013 0.026 -0.199 -0.653 1.0
Speed “0.097 0.021 -0.146 -0.157 0.087 1.0
Fuel 0.956 -0.704 0.206 0.166 -0.068 -0 .124 1.0
TABLE 8.6
Correlation matrix of the t ra n s i t  (loaded) fuel consumption data
Ri se Fall Curvature Roughness Width Speed Fuel
Ri se 1.0
Fall -0.573 1.0
Curvature 0.181 0.247 1.0
Roughness 0.099 0.079 0.374 1.0
Width 0.012 0.053 -0.186 -0.674 1.0
Speed -0.181 0.034 -0.180 -0.191 0.188 1.0
Fuel 0.967 -0.688 0.146 0.109 -0.042 -0.231 1.0
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TABLE 8 .7  ‘
C o r r e la t io n  m a tr ix  o f the t r a n s i t  (empty + loaded) fu e l  consumption data
Rise F a l l Curvature Roughness Width Speed GVW PW Fue'
Rise 1.0
F a i l -0 .581 1.0  , •
Curvature 0.196 0.222 1.0
Roughness 0.105 0.066 0.390 1.0
Width 0.011 0.038 -0 .1 9 4 -0 .6 6 2 1 .0
Speed -0 .1 2 7 0.025 -0 .1 5 7 - O . I 68 0 .122 1 .0
Gross v e h ic le  wt -0 .0 3 6 0.012 -0 .0 1 8 -0 .0 1 4 0.046 -0 .1 2 6 1 .0
Power to  weight 0.036 -0 .0 1 2 0.01S 0.014 -0 .0 4 6 0 .126 -1 .0 0 0 1 .0
Fuel 0 .928 -0 .6 7 5 0.166 0 .129 -0 .0 4 6 - 0 .188 0.123 - 0 .123 1 .0
8 . 3 .1 Ef fect  of gradient
The fuel consumption of the t ra n s i t  was i n i t i a l l y  analysed 
separately fo r  posit ive and negative gradients,  as well as fo r  a l l  the 
gradients,  using the combined data from the t r a n s i t  operated in an 
empty and a loaded condition. As in the analysis of  the car data,  the 
data points from the 13 f l a t  sections were included in both the pos it ive  
and negative gradient categories, enabling separate re lationships to be 
established fo r  the whole range of posit ive  and negative gradients.
The number of data points in each category was 1239 fo r  pos it ive  
gradients,  1315 for  negative gradients and 2169 fo r  a l 1 gradients.
In the car analysis,  i t  had been shown that a quadratic function  
of the var iab le  f a l l  was a more appropriate format to use fo r  est imat ing  
fuel consumption on negative gradients.  Thus both l inear  and quadrat ic  
forms of  f a l l  were used in the analysis.  The re lationships derived fo r  
the three categories of gradients are given below with the 11 1 value 
for  each regression coe f f ic ien t  shown in brackets and the v a r ia t io n  in 
fuel consumption accounted for  by the variables in each equation denoted 
by R2 .
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P o s i t iv e  g ra d ie n ts
FL  =  1 1 1 . 3  +  2 . 2 5 8 R S  „  . . . . .  ( 8 . 1 4 )
( 6 9 . 5 )  R =  0 . 7 9 6
Negative gradients
FL = 108.8 -  0.605F '   (8.15)
( ’ 38.9) R = 0.53*1
FL = 117.2 -  1.371F + 0.00683F2 ' . . . . .  (8.16)
( -28 .7 )  (16.8) R « 0.617
All  gradients
FL = 105.9 + 2.318RS -  0.573F '   (8.17)
(91.7) ( -23 .3 )  R = 0.883
FL = 112.2 + 2.248RS -  1.243F + 0.00609F2 . . . . .  (8.18)
(85.8) ( -15 .0 )  (8 .5)
R2 = 0.892
where FL is the t ra n s i t  fuel consumption measured in ml /km 
US is the r ise measured in m/km
F is the f a l l  measured in m/km
All the regression coe f f ic ien ts  were s t a t i s t i c a l l y  highly s i g n i f i ­
cant in the above f ive  equations. In equation 8 .14 ,  the var iab le  RS 
accounted for 79.6 per cent of the va r ia t ion  in the t ra n s i t  fuel consump­
tion on posit ive gradients,  which was lower than the equivalent value
for  the car in equation 8.1 (92.2 per cent) .  This was due to the fa c t
that  equation 8.14 had been derived using the data from the t r a n s i t  
operated in both an empty and a loaded condit ion,  where a considerable  
di fference in fuel  consumption existed on pos it ive  gradients between 
the two load condit ions. The d i f ference in fuel  consumption between
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the two load conditions is examined in de ta i l  l a te r  in th is  chapter.
In equation 8.15,  the var iab le  F accounted for  53.** per cent o f  the
var ia t io n  on negative gradients.  The addit ion of  the quadratic term,
2
F , increased th is  percentage to 61 .7 .
As in the car analysis,  the relationships derived using the data
2from a l l  the gradients gave higher R values than the re lationships  
derived separately fo r  posit ive and negative gradients.  The magnitude 
of the regression constants and coe f f ic ien ts  in equations 8.17 and 8.18  
were s im i la r  to those in equations 8 .14 ,  8.15 and 8.16 indicat ing that  
the estimates from the combined data were s im i lar  to the separate 
estimates from posit ive and negative gradients.
Equations 8.17 and 8.18 have been plotted in Figure 8 .6 .  The two 
equations predicted s imilar  estimates of  fuel consumption on pos it ive  
gradients but on steep negative gradients,  the use of  the quadratic  
function of the var iable f a l l  in equation 8.18  produced higher estimates 
than the l inear  function used in equation 8.17.  The shape of  the curve 
produced by equation 8.18 was shown, in section 8 . 2 . 1 ,  to be the more 
appropriate form of re lationship  to use for  estimating fuel consumption 
on negative gradients.
8 .3 .2  Effect  of vehicle speed
The fuel consumption of the t r a n s i t  varied with speed on each tes t  
section. A number of these sets of speed/fuel consumption f igures  have 
been plot ted separately fo r  the t ra n s i t  in the empty and loaded 
condit ions in Figures 8.7 and 8.8  respect ively fo r  a wide range of  
gradients.  For each set of f igures ,  a U-shaped curve has been drawn 
'by eye' through the data points.
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On posit ive  gradients,  the fuel consumed by the t ra n s i t  in an 
empty condit ion was considerably less than that consumed when loaded.
For example in Figure 8 .7 ,  the fuel consumption of the t r a n s i t  (empty) 
on Section 1 was approximately 330 ml/km but, in Figure 8 .8 ,  i t  was 
over 500 ml/km when loaded. On negative gradients,  there was l i t t l e  
dif ference in the fuel consumption of  the t ra n s i t  between the two load 
cond i t ions.
Equation 8.18 in section 8 .3 .1 ,  had been derived using the data 
from both load conditions and estimated the fuel consumption on Section 
1 (RS = 132.8) to be ^10 ml/km, which was the average of the consumption 
in two load conditions. Consequently in the next stage of the ana lys is ,  
the data from the t ra n s i t  in each load condition were analysed separately.
As explained in the analysis of the car data,  the var iables V v  and
2
V were the appropriate functions of speed to use to describe the 
var ia t ion  in fuel consumption due to vehic le  speed. These two indepen­
dent var iables were introduced into the analysis together with the
2gradient variables RS, F and F“ . The results of th is analysis are given 
below with the 1t 1 values shown in brackets.
Transit  (empty)
FL = 105.^ + 1.805RS -  1.01 OF + 0.00^79F2 .........  (8.19)
(93.0) ( -16 .2 )  (8.9)
R2 = 0.9^8
FL = 6 7 .9 +  + 0.00584V2 + 1.810RS- 0.998F + 0.00473F2 .........  (8.20)
( 11. 2) (6 . 8) (97 . 8) ( - 17. 0 ) (9 . 3)
R2 = 0.95^
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Tran&it (loaded)
FL = 117.7 + 2.877RS -  1.')53F + 0.0072<iF2 . . . . . . .  (8.21)
(108.7) ( -17 .7 )  (10.1)
R2 = 0.965
FL = 8 5 . 8 +  2™ - + 0.00189V2 + 2 . 835RS -  1.<i70F + 0.00728F'2  ____   (8.22)
(9 .2 )  ( I . * )  (116.0) ( -19 .8 )  (11.3)
R2 = 0.972
where V is the t ra n s i t  speed measured in km/h 
and the other symbols used are as given before.
Al l  the regression coe f f ic ien ts  were highly s ig n i f ican t  in the
2above four equations, except for  the co e f f ic ie n t  of V in equation 8 .22 .
The introduction of the speed variables in equations 8.20 and 8.22
2
improved the ' t 1 values of the gradient var iables and the R value of
the equation. In addit ion the magnitude of the regression coe f f ic ie n ts  
2for  RS, F and F did not a l t e r  s ig n i f i c a n t ly ,  indicat ing that  the speed 
variables were explaining the var ia t ion  in fuel consumption w ith in  a 
test  sect ion .
For low speeds, the term for  the inverse of  speed of the function
a/v  + bV is the dominant component, with the speed squared term
becoming dominant at higher speeds. As the speeds fo r  the t r a n s i t
in a loaded condition were both small in range and low in value, the
term for  the inverse of speed tended to be the more dominant. This
2resulted in a low ' t 1 value for  the co e f f ic ie n t  of  V in the r e la t io n ­
ship fo r  the t ra n s i t  loaded.
Equations 8.20 and 8.22 have been plotted in Figure 8 .9  for  , 
vehicle  speeds of 20 km/h, 50 km/h and 80 km/h. The fuel consumption 
of the t ra n s i t  varied with speed for  each load condit ion. For example,
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Fig. 8.9 Comparison of the transit fuel consumption in empty and loaded conditions
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in the empty condit ion, equation 8.20 predicted that the minimum 
amount of fuel consumed by the t ra n s i t  would be at  a steady speed of
42.1 km/h
i . e .  when d (FL) = -870 + 2 ( 0 . 00584V) = 0 .
dV V
The main differences in fuel consumption, however, occurred between 
the two load condit ions. On extreme posit ive  gradients the t ra n s i t  
consumed over 40 per cent more fuel in the loaded condit ion, carrying  
one extra tonne in weight,  than when empty. On downhill gradients the 
t ra n s i t  loaded consumed s l ig h t ly  less fuel than the t ra n s i t  empty, 
which was due to the extra weight giving added momentum to the veh ic le .
8 .3 .3  Effect  of gross vehicle  weight
As the difference in the fuel consumed by the t ra n s i t  in the two 
load conditions was caused by the extra weight and the subsequent change 
in the power to weight r a t io ,  in the next stage of  the analysis an 
attempt to quanti fy  this di fference was made. The data points from the 
t r a n s i t  in both load condit ions were combined giving a to ta l  of 2169 
points.
The gross vehicle weight (GVW) was introduced as a va r ia b le  to 
describe the d i f f e r e n t  load condit ions. The use of the GVW var iab le  
was equivalent to using the power to weight r a t io  (PW) var iab le  as one 
is inversely proportional to the other.  The results  of th is  analysis  
are given below with the 1t 1 values shown in brackets.
Transit  (empty + loaded)
FL = 82.6 + + 0.00155V2 + 2.220RS -  1.258F + 0.00615F2 . . . ( 8 . 2 3 )
(8 .5 )  (1 .2 )  (87.1) ( -1 5 .8 )  (8 .9 )
R2 = 0.900
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. . .  ( 8 . 2 k )
FL= - S . k  + - 1 ^ 2  + 0.00'i86V2 + 2.253RS -  1.249F + 0.00618F2 + 37.5GVW
(10.8) (k .k )  (99.9) ( -17 .8 )  (10.1) (24 .8)
R2 = 0.922
where GVW is the gross vehicle weight of  the t ra n s i t  in tonnes 
and the other symbols are as given before.
Al l  the regression coe f f ic ien ts  were highly s ig n i f ic a n t  in the
2above two equations except for  the var iab le  V in equation 8.23.
Comparing equation 8.23 with equation 8.20 and 8.22 showed that  the
2values of the coef f ic ien ts  for  RS, F and F in the combined r e l a t i o n ­
ship were, as expected, approximately halfway between the equivalent  
values fo r  the t ra n s i t  empty and the t ra n s i t  loaded.
The introduction of the var iab le  GVW in equation 8.24 increased
the percentage of var ia t ion explained 'by the independent var iables to
92 .2 ,  in addit ion to improving the 1t 1 values o f  the other regression
2c oe f f ic ien ts .  Although the addit ion of  GVW increased the R value
of the equation by only a small amount, i t s  inclusion helped to explain
the var ia t ion  in fuel consumption of the t r a n s i t  in the two d i f f e r e n t
2
load condit ions, with the variables RS, F and F explaining the
2
var ia t ion  between test sections and the var iables V v  and V explaining  
the var ia t ion  within a test  section due to changes in speed.
Equation 8.24 was compared with the two separate re la t ionships  for  
the t ra n s i t  empty and the t ra n s i t  loaded (equations 8.20 and 8.22) by 
substi tuting the values of  1.61 tonnes and 2.60 tonnes for the GVW var iab le .  
Estimates of  fuel consumption from these three re lationships are given 
in Table 8.8 for  a range of speeds and gradients.  The re la t ionsh ips  fo r  
the t ra n s i t  empty have been plotted in Figure 8 .10  and the re la t ionsh ips  
fo r  the t r a n s i t  loaded in Figure 8.11.
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TABLE 8 .8
Fuel consumption es t im ates o f  the t r a n s i t  f o r  a range o f  speeds
and gradients
Vehi cle  
speed 
(km/h)
Gradfent Fuel consumption (ml/km)
(m/km) Transit  empty Trans i t loaded
Ri se Fall Equ- 8.20 Equ- 8 . 2*4 Equ- 8.22 Equ- 8 . 2*4
20 0 0 113.7 107.*4 133.6 1*4*4.5
50 0 0 99.9 87.3 109.3 12*4.*4
80 0 0 116.2 98.7 109.6 135.8
20 70 - 2*40.*4 265.1 332.0 302.2
50 70 -  . 226.6 2*4p.O 307.8 282.1
80 70 - 2*42.9 256.*4 308.1 293.5
20 1*40 - 367.1 *422.8 530.5 *459.9
50 1*40 - 353.3 *402.7 506.2 *439.9
80 1*40 - 369.6 *41-4.1 506.5 *451.2
20 -  . 70 ‘67.1. 50.3 66.3 87.3
50 - 70 53.2 30.2 *42.1 67.3
80 - 70 69.5 *41.5 *»2.*4 78.7
20 - 1*40 66.7 53.7 70.5 90.8
50 - 1*40 52.9 33.6 *46.2 70.7
80 - 1**0 69.2 *45.0 *46.5 82.1
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Transit (combined data — GVW = 1.61) — Equation 8.24
FL = -5 .4  + -1°2£ + 0.00486 V2 + 2.253RS -  1.249 F + 0.00618 F2 + 37.5 GVW
V = 20km/H
V = 80km/h
V = 50km/h400
V = 80km/h
V = 20km/h
360
V = 50km/h
320
280
Transit fuel consumption 
(ml/km) 240
200
Transit (empty) — Equation 8.20
FL = 67.9 + ^  + 0.00584 V2 
V
+ 1.810 RS -  0.998F + 0.00473 F2
120
20 40 60 80 100 120 140140 120 100 80 60 40 20 0
Fall (m/km) Gradient Rise (m/km)
Fig. 8.10 Comparison of transit (empty) fuel consumption relationships using the variable GVW
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Transit (loaded) — Equation 8.22 
FL = 85.8 + 9£&+ 0.00189 V2 + 2.835 RS -  1.470 F + 0.00728 F2
550
V = 20km/h
V = 50 km/h, 80km/h
500
V = 20km/h 
/  V = 80km/h450
400
350
Transit fuel consumption ggg 
(ml/km)
250
Transit (combined data — GVW = 2.60)
— Equation 8.24
F L = -5 .4  + 122^ + 0.00486 V2 + 2.253 RS 
V
-  1.249 F + 0.00618 F2 + 37.5 GVW
200
150
' z  '^ io o /
20 40 60 80 100 120 140140 120 100 80 60 40 20 0
Fall (m/km) Gradient Rise (m/km)
Fig. 8.11 Comparison of transit (loaded) fuel consumption relationships using the variable GVW
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The re lat ionship  fo r  the t ra n s i t  (empty + loaded) was a reasonable 
predictor  of the fuel consumption fo r  the t ra n s i t  in e i th e r  the empty 
or loaded condition when compared with the estimates derived from the 
two separate relationships fo r  the two load condit ions. However, the 
estimates in Table 8.8 and the plots in Figures 8.10 and 8.11 showed 
th a t ,  on extreme posit ive gradients,  equation 8.24 tended to over­
estimate the fuel consumption of  the t ra n s i t  empty and under-estimate  
fo r  the t ra n s i t  loaded. On extreme negative gradients,  equation 8.24  
under-estimated fo r  the t ra n s i t  empty and over-estimated fo r  the 
t ra n s i t  loaded.
As the major di fferences in the fuel consumption estimates occurred 
on posit ive  gradients,  a var iable  combining the gross vehic le  weight and 
uphi l l  gradients was investigated. Instead of  using the two var iables  
GVW and RS to explain these d i f ferences,  the cross-product o f  these two 
var iables (GVW x RS) was used as a single independent va r iab le  to des­
cribe the energy expended by the t r a n s i t ,  through fuel consumption, in 
transporting a load uphi11.
The result  of  th is analysis is given belov/with the ‘ t 1 values 
shown in brackets.
Transit  (empty + loaded)
FL = 7 2 .2 + S M + 0 .0 0 ' (8 2 V 2 +1.1!8(GVWxRS) -  1.183F + 0.00573F2 . . .  (8.25)
(15.1) (6.5) (158.3) ( -25 .2 )  (13.9)
R2 = 0.96<i
All  the regression coef f ic ien ts  were highly s ig n i f ic a n t  in the
above equation. The use of the var iable  (GVW x RS), in place of  the
2two separate variables GVW and RS in equation 8 .24 ,  improved the R
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value fo r  the equation in addit ion to increasing the ! t '  values of  the 
regression coe f f ic ien ts .
In Table 8.8 and Figures 8.10 and 8.11,  equation 8.24 had been 
compared with the relationships derived separately fo r  the t ra n s i t  
empty and the t ra n s i t  loaded (equations 8.20 and 8.22 respect ive ly ) .
A s im i la r  comparison was carried out using equation 8.25 in place of  
equation 8.24 and again substitut ing the values 1.61 and 2.60 as the 
gross vehic le  weight of the t ra n s i t  empty and loaded respect ive ly .  
Estimates of fuel consumption from these three re la tionships are given 
in Table 8.9 fo r  a range of speeds and gradients.  The re lationships  
for  the t ra n s i t  empty have been plot ted in Figure 8.12 and rhe r e la t io n ­
ships for  the t ra n s i t  loaded in Figure 8.13.
The two sets of estimates of fuel consumption for  the t r a n s i t  
empty from equations 8.20 and 8.25 were very s im i la r  for  a l l  speeds,
as were the estimates for  the t ra n s i t  loaded from equations 8.22 and 
8.25. Thus equation 8.25 was a more accurate predictor  of  fuel con­
sumption than equation 8.24 for the t ra n s i t  in e i th e r  the empty or 
loaded condition.
The use of the var iable (GVW x RS) in equation 8.25 indicated that  
the gross vehicle  weight of the t ra n s i t  a f fected the fuel consumption 
only on posit ive gradients. Although the comparison of  the fuel con­
sumption estimates of the t ra n s i t  in the two load condit ions, in Figure  
8.9 ,  showed that the major di fferences in these estimates did occur on 
posit ive gradients, i t  also showed that on negative gradients there were
some minor di fferences between the two load condit ions. Consequently an
investigation into the use of the var iab le  GVW for  increasing the
accuracy of predicting fuel consumption on negative gradients as well as
on posit ive gradients was carried out.
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TABLE 8.9
Comparison of  t rs ns i t  fuel consumption estimates using the
var iable  (GVW x RS)
Vehicle
speed
(km/h)
Grad ient Fuel consumption (ml/km)
(m/km) Transit  empty Transi t loaded
Rise Fall Equ- 8.20 Equ- 8.25 Equ- 8.22 Equ- 8.25
20 0 0 113.7 121.6 133.6 121.6
50 0 0 99.9 103.2 109.3 103.2
80 0 0 116.2 114.9 109.6 114.9
20 70 - 240.4 247.6 332.0 325.1
50 70 - 226.6 229.2 307.8 306.7
80 70 - 242.9 240.9 308.1 318.4
20 140 - 367.1 373.6 530.5 528.6
50 140 - 353.3 355.2 506.2 510.2
80 140 - 369.6 366.9 506.5 521.9
20 - 70 67.1 66.9 66.3 66.9
50 - 70 53.2 48.5 42.1 48.5
80 - 70 69.5 60.2 42.4 60.2
20 - 140 66.7 68.3 70 .5 68.3
50 - 140 52.9 49.9 46.2 49.9
80 - 140 69.2 61.6 46.5 61.6
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400
360
320
280
240
Transit fuel consumption 
(ml/km) 200
Transit (empty) — Equation 8.20160
FL = 67.9 + -T T +  0.00584 V2 + 1.810 RS
-  0.998 F + 0.00473 F2
120/
Transit (combined data — GVW = 1.61) — Equation 8.25 
FL = 7 2 .2 + ^ -+ 0 .0 0 4 8 2  V2 + 1.118 (GVW x RS) 
-1 .183F  + 0.00573 F2
40
140 120 100 80 60 40 20 0 20 40 60 80 100 120 140
Fall (m/km) Gradient Rise (m/km)
Fig. 8.12 Comparison of transit (empty) fuel consumption relationships 
using the variable (GVW x RS)
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550
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400
350
Transit fuel consumption 
(ml/km) 300
250
200
Transit (combined data — GVW = 2.60) — Equation 8.25 
FL = 72.2 +•§!§.+ 0.00482 V2 + 1.J18 (GVW x RS)150
-  1.183 F + 0.00573 F2
Transit (loaded) — Equation 8.22 
FL = 85.8 + — + 0.00189 V2 + 2.835 RS
-  1.470 F + 0.00728 F2
0 20 40 60 80 100 120 140140 120 100 80 60 40 20
Fall (m/km) Gradient Rise (m/km)
Fig. 8.13 Comparison of transit (loaded) fuel consumption relationships 
using the variable (GVW x RS)
In th is  analysis the three var iables GVW, RS and F were combined 
into a single var iable  GVW (RS -  F ) . The resu l t  of th is  analysis is 
given below with the ' t '  values shown in brackets.
Transit  (empty + loaded)
FL =110.2 + -  0.00083V2 +0.941 GVW(RS-F) + 0.0109/»F2 ........... . .  (8.26)
(7 .6) ( -0 .7) (119.2) ( k O . k )
R2 = 0.916
The regression coeff ic ients  were a l l  s ig n i f ic a n t  in the above
2
equation except for  the coe f f ic ien t  of  V . A comparison of the above
equation with equation 8.25 showed that  the var iab le  GVW (RS-F) in place
2
of (GVWxRS) and F decreased the R value of  the equation and reduced the
211 1 values of the coeff ic ients  of V v  and V .
Thus s t a t i s t i c a l l y  the best re lat ionship  derived for  est imating t i e
t ra n s i t  fuel consumption was equation 8 .25 ,  with the var iab les  ^A/, V ,
2
(GVWxRS), F and F explaining 96.4 per cent of the var ia t ion  in fuel  
consumption.
8 .3 .^  Effect  of other road character is t ics
In the next stage of  the analysis the e f f e c t  of  the other road 
c harac te r is t ic  variables were invest igated.  The low values of  the 
corre la t ion  coe f f ic ien ts  between fuel consumption and the var iab les ,  
curvature, roughness and road width, given in Tables 8 .5 ,  8.6 and 8 .7 ,  
indicated that on the i r  own they had very l i t t l e  influence on the fuel  
consumption of the t rans i t  in e i th e r  load condit ion.  Thus these three  
variables were, each in turn, included in a regression analysis together  
with the variables in equation 8.25.
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The resul ts of th is  analysis are given below with the ' t 1 values 
of the regression coeff ic ients  shown in brackets.
. . . . .  (8.27)
FL = 65.1 + 0. 00610V2 + 1.079(GVWxRS) -  1.288F + 0.00591 F2 + 0.021(6C
(16.7)  (8 .5 )  (151.0) ( -28 .6 )  (15,1) (15 .6)
R2 = 0.968  
 (8 . 28)
FL = 5 8 . 0 + ^ p  + 0 . 00605V2 + 1.10l)(GVWxRS)- 1.227F + 0.00589F2 + 0.00329R 
(16.3) ( 8 . 1() (162.7) ( - 27 .3 ) (15.0) (14 .9)
R2 = 0.968  
. . . . .  (8.29)
FL = 109.0 +-^n—+ 0.0055l(V2 + 1 . 125(GVWxRS) -  1.147F + 0;00551F2 -  5.53V/
(15.7) (7 .6 )  (163.8) ( -25 .1 )  (13.8) ( -12 .0 )
• R2 = 0.967
where C is the horizontal curvature measured in degrees/km 
R is the roughness measured in mm/km 
W is the road width measured in metres 
and the other symbols are as given before.
Al l  the regression coeff ic ien ts  in the above three equations were
highly s ig n i f ic a n t .  The addit ion of  the var iables C, R and W increased 
2the R value of the relevant equation when compared with equation 8 .25 ,  
as well as improving the 11 1 value of several of the regression c o e f f i ­
cients.
The magnitude of these addit ional var iab les ,  however, were small .
The co e f f ic ien t  of C in equation 8.27 indicated that an increase in 
curvature of 100 degrees/km resulted in an increase of 2 . k 6  ml /km in the
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fuel consumption of the t ra n s i t .  S im i la r ly  in equation 8 .28 ,  the 
co e f f ic ie n t  of R indicated that an increase in roughness of 1000 mm/km 
produced an increase in fuel consumption of  3.29 ml/km, while in 
equation 8 . 29 , for  each one metre reduction in road width, the increase 
in fuel  consumption was 5.53 ml/km.
As explained in greater  de ta i l  in the analysis of  the car data in
section 8 .2 .3 ,  i t  was reasonable to expect that curvature, roughness and
road width would not show any great influence on fuel consumption, since
the tes t  vehicles were operated a t  controlled speeds. Thus the most
appropriate re la tionship  derived for  estimating the fuel consumption of
the t r a n s i t  was equation 8.25.  This re lat ionship  was s t a t i s t i c a l l y
highly s ig n i f ic a n t ,  with the var iable  (GVWxRS) explaining the v a r ia t io n
in fuel consumption between, d i f f e r e n t  load condit ions on uph i l l  gradients,
2the var iables F and F explaining the va r ia t io n  on downhill gradients and
2the variables V v  and V explaining the var ia t ion  w ith in  a tes t  section  
due to changes in the vehicle speed. Together these var iables accounted 
fo r  over 98 oer cent of the var ia t ion  in fuel consumption of the t r a n s i t  
in both load condit ions.
Analysis of  the truck fuel consumption
As explained in the analysis of the t ra n s i t  data,  i t  was not always 
possible to complete a number of uninterrupted runs on each tes t  section  
at  a l l  the desired speeds. Of the three instrumented vehicles the truck 
had the greater number of runs to complete as i t  was operated in three  
load conditions. These three loads produced gross vehicle  weights of
*t,03 tonnes, 7.03 tonnes and 10.03 tonnes for  the truck in an empty, h a l f ­
loaded and loaded condition respectively.
J
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The loading and unloading of the half -tonne concrete blocks used 
as weights was not usually straightforward because both the blocks and 
the crane required to load or unload them were borrowed lo c a l ly  and not 
always ava i lab le  or operational.  Consequently i t  was sometimes not 
possible to return to a test  section with the truck in the same load
condition to complete any unfinished runs.
The test  sections that were not covered by the truck in each load 
condition are l is ted  in Table 8.10. Of the 16*1 possible sets o f  speed/ 
fuel consumption f igures (82 test  sections -  2 d i re c t io n s ) ,  160 sets of
f igures were established for  the truck operating in an empty condit ion,
152 fo r  the truck hal f- loaded,  and 159 for  the truck loaded.
TABLE 8.10  
Test sections not covered by the truck
Test 
section no. Di recti  on
Truck
Empty Hal f - loaded Loaded
10 Uphil l X X
15 11 X
20 u X
22 11 X
25 Downhi11 X X X
28 Uphi11 X
3** 11 X
^7 11 X
bS 11 X
50 u X
55 II X
67 II X
68 II X X X
68 Downhi11 X X X
TOTAL k 12 5
As in the analysis of the fuel consumption of the other two tes t  
vehic les,  the truck data were divided into three groups of gradients;
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' f l a t '  (RS, F <  10 m/km), posit ive gradients (RS>10 m/km) and negative  
gradients (F >10 m/km). The number of  pairs of  speed/fuel consumption 
f igures measured in each group is given in Table 8.11 for  each load 
condition of the truck.
TABLE 8.11
Number of  truck speed/fuel consumption data points
Gradient 
(per cent)
Truck
Total
Empty Half-loaded Loaded
RS, F < 1 .0 180 148 146 474
RS > 1 .0 324 190 186 700
F > 1 .0 407 398 316 1121
Al l  gradients 911 736 648 2295
The number of  data points for each load condition of  the truck  
decreased as the load increased. This was due to the decreasing range 
of speeds that could be achieved by the truck as the load was increased.  
In the loaded condit ion, for  example, on steep uph i l l  sections such as 
test  sections 1 to 9, the truck was capable of  t r a v e l l in g  only a t  a very  
slow (crawler) speed of less than 20 km/h, whereas in the empty con­
d i t io n  speeds up to 50 km/h were achieved.
The factors considered in the analysis of the fuel consumption of  
the truck were vehicle speed, r ise ,  f a l l ,  curvature, roughness, road 
width, gross vehicle  weight and power to weight r a t io .  The analysis  
was divided into four basic categories:-
( i )  Truck -  empty
( i i )  Truck -  half-loaded  
( i  i i ) Truck -  loaded 
( iv )  Truck -  a l l  loads.
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The corre la t ion  coeff ic ien ts  between the independent var iables and 
fuel consumption for  the truck empty, hal f - loaded,  loaded and a l l  three  
loads combined are given in Tables 8 .12,  8 .13,  8.1l* and 8.15 respect­
ive ly .
TABLE 8.12
Correlation matrix of the truck (empty) fuel consumption data
Ri se Fall Curvature Roughness Width Speed Fuel
Ri se 1.0
Fal 1 -0.5^7 1.0
Curvature 0.212 0.233 1.0
Roughness 0.11*8 0.078 0.1*19 1.0
Width -0.019 0.056 -0.205 “0,599 1.0
Speed -0.263 0.075 “0.193 -0.251 0.220 1.0
Fuel 0 . 9 ^ -0.716 0.11*3 0.110 -0.055 -0.21*1* 1.0
TABLE 8.13
Correlation matrix  of the truck (hal f- loaded) fuel  consumption data
Ri se Fal 1 Curvature Roughness Wi dth Speed Fuel
Rise 1.0
Fal l “0.525 1.0
Curvature 0.212 0.257 1.0
Roughness 0.171* 0.061* 0.1*07 1.0
Width - 0.090 0.125 “0.153 -0.611 1.0
Speed -0.391* 0.109 -0.239 “0.273 0.222 1.0
Fuel 0.967 -O .67I* 0.133 0.11*7 -0 .127 -0.367 1.0
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TABLE 8.14
C o rre la t io n  m a tr ix  o f  the t ru c k  ( loaded) fu e l  consumption data
Ri se Fall Curvature Roughness Width Speed Fuel
Rise 1.0 •
Fall -0.502 1.0
Curvature 0.161 0.299 1.0
Roughness 0.140 0.107 0.454 1.0
Width -0.023 0.067 -0.221 -0.639 1.0
Speed -0.404 0.037 -0.274 -0.243 0.157 1.0
Fuel 0.962 -0.595 0.135 0.124 -0.051 -0.411 1.0
TABLE 8.15
Correlat ion matrix of the truck ( a l l  loads) fuel consumption data
Ri se Fall Curvature Roughness Width Speed GVW
1
Fuel
Ri se 1.0
Fal 1 -0 .529 1.0
Curvature 0.196 0.262 1.0
Roughness 0.150 0.083 0.423 1.0
Width -0.041 0.083 -0.188 -0.616 1.0
Speed - 0.322 0.073 -0.220 -O .252 0.206 1.0
Gross
vehic le  wt -0.068 0.030 -0.013 0.005 -0 .020 -0.173 1.0
Fuel 0.879 - 0.610 0.124 0.121 -0.077 -0 .342 0.140 1.0
The power to weight ra t io  (PW) var iab le  was not included in Table 
8.15 because, as explained in the t ra n s i t  ana lys is ,  the PW v a r ia b le  was 
inversely proportional to the GVW var iab le*  CM
As in both the car and t ra n s i t  data the strongest corre la t ions  
were between fuel consumption and the two components of. gradient  ( r ise  
and f a l l ) ,  indicat ing that gradient had the largest e f fe c t  or. the fuel  
consumption of the truck.
8.4.1 E f fect  of  gradient -
The fuel consumption of the truck was i n i t i a l l y  analysed separately  
for  pos it ive  and negative gradients,  as well  as for  a l l  the gradients ,  
using the combined data from the truck operated in a l l  three load 
condit ions. As in the analysis of the other two test  veh ic les ,  the data 
points from the 13 f l a t  test  sections were included in both the pos it ive  
and negative gradient categories, enabling separate re lationships to be 
established for  the whole range of posit ive and negative gradients.  The 
number of data points in each category was 1174 fo r  pos it ive  gradients ,  
1595 for  negative gradients and 2295 for  a l l  gradients.
A quadratic function of  the var iable  f a l l  had been shown, in section  
8 .2 .1 ,  to be the more appropriate format to use fo r  est imating fuel  
consumption on negative gradients.  Thus i n i t i a l l y ,  both l in e a r  and 
quadratic functions of f a l l  were used in the analysis.  The r e l a t i o n ­
ships derived fo r  the three categories of gradients are given below with  
the ' t 1 value fo r  each regression co e f f ic ie n t  shown in brackets and the
var ia t ion  in fuel consumption accounted fo r  by the var iables in each
2equation denoted by R .
Posi t ive  gradients
FL = 138.8 + 5.376RS
(48.0)
(8 . 30)
R2 = 0.662
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Negative g ra d ie n ts
FL = 135.3 -  1.329F 
( - 61 . 0)
( 8 . 31 )
R2 = 0.700
FL = 155.5 -  3.157F + 0.01629F2 
( - 56 .0) (33.9)
(8 . 32)
R2 = 0.826
All  gradients
FL = 1 2 6 . 5  + 5.519RS -  1.233F
(70. 8) ( - 18. 5)
(8 . 33)
R2 = O.8O3
FL = 141.8 + 5.341RS -  2.803F + 0.01422F2 (8.34)
(66.1) ( -12 .5 )  (7 .3 )
R2 = 0.808
where FL is the truck fuel consumption measured in ml/km
RS is the r ise measured in m/km
F is the f a l l  measured in m/km
All  the regression coeff ic ients  were s t a t i s t i c a l l y  highly s i g n i f ­
icant in the above f iv e  equations. In equation 8.30 the var iab le  RS 
accounted fo r  66.2 per cent of the var ia t ion  in the fuel consumption o f  
trucks on posit ive  gradients,  compared with 92.2  per cent fo r  the car
(equation 8.1)  and 79.6 per cent for  the t ra n s i t  (equation 8 .1 4 ) .  This 
2decrease in the R value was caused by the di fferences in fuel consump­
t ion of the truck in the three load condit ions on pos it ive  gradients.  
These dif ferences are examined in de ta i l  l a te r  in th is  chapter.
In equation 8.31 the var iable  F accounted fo r  70.0 per cent of  the 
var ia t ion  in the truck fuel consumption on negative gradients ,  compared 
with 47.5 per cent for the car (equation 8.2) and 53.4 per cent for  the 
t r a n s i t  (equation 8 .15 ) .  The fuel consumption on negative gradients was
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not g rea t ly  af fected by varying gross vehicle weights, but the range of
speeds decreased as the size of the vehicle  increased, resul t ing  in a
smaller range of  fuel consumption f igures and consequently a higher
corre la t ion  between the var iable  F and fu e l .  The addit ion of  the 
2
quadratic term, F , in equation 8.32, increased the percentage of  
var ia t io n  accounted fo r ,  in the fuel consumption of the truck,  to 82.6 .
The magnitude of  the regression constants and c o e f f ic ien ts  in the 
equations fo r  a l l  the gradients combined were s im i la r  to those in the 
separate equations fo r  posit ive and negative gradients.  This indicated  
that the d i f f e r e n t  relationships predicted s im i la r  fuel consumption 
estimates fo r  any given gradient condition.
Equations 8.33 and 8.34 have been plotted in Figure 8 .14 .  The 
two equations predicted s imi lar  estimates of fuel consumption on 
posit ive  gradients.  On steep downhill' gradients (F >100 m/km), equation 
8.33 predicted negative quanti t ies of fuel consumption. Because of  the 
very low fuel consumption of diesel engines on downhill gradients ,  a 
‘ best f i t 1 l ine  w i l l  tend to produce negative estimates of fuel  consump­
tion under severe downhill gradient condit ions.
As explained in section 8 .2 .1 ,  the more appropriate form of  
re lationship  to use fo r  estimating fuel consumption on downhi11 gradients  
was a quadratic function of the var iab le  f a l l .  This point was emphasised
in Figure 8.14 by p lot t ing  equation 8.34,  which contained the quadrat ic
2 2 term F . The use of the var iable  F for  the truck data produced fuel
consumption estimates that were very small on downhill gradients of
approximately 10 per cent but did not produce negative est imates.
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Fig. 8.14 Comparison of linear and quadratic functions of the variable fall
in estimating the truck fuel consumption
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8 .4 .2  E f fe c t  o f  v e h ic le  speed
The fuel consumption of  the truck varied with speed on each tes t  
section. A number of these sets of  speed/fuel consumption f igures have 
been plotted separately for  the truck in the empty, half - loaded and 
loaded condit ions in Figures 8 .15,  8.16  and 8.17 respect ive ly  for  a 
wide range of  gradients.  For each set o f  f igu res ,  a U-shaped curve has 
been drawn 'by eye' through the data points.
For the truck in the half- loaded and loaded condit ions, the extra  
weight that  was carr ied prevented a wide range of speeds being achieved 
by the truck, p a r t ic u la r ly  on the steep uphil l  sections. Consequently 
on these steep uphil l  sections, the speed/fuel consumption f igures  
formed only part  of the U-shaped curve, as can be seen from the plots in 
Figures 8.16 and 8.17.
In the loaded condit ion, only a very slow (crawler) speed was 
atta ined by the truck on posit ive gradients steeper than 100 m/km.
The value of  th is  speed and the corresponding fuel consumption varied  
s l ig h t l y  from one test  section to another,  but generally  the speed was 
in the range of 14 km/h to 17 km/h, with the fuel consumption being 
between 1300 ml/km and 1600 ml/km.
On extreme downhill sections the fuel consumption o f  the truck was 
very low, p a r t ic u la r ly  in the half- loaded and loaded condit ions. This 
was due to the momentum of the truck which resulted in l i t t l e  or no 
fuel being pumped into the diesel engine.
A considerable dif ference in the fuel consumption o f  the truck  
existed between the d i f f e r e n t  load conditions on posit ive  gradients .
For example in Figure 8.15,  the fuel consumption of  the truck (empty)
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Fig. 8.15 Plot of truck (empty) fuel consumption against speed
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Fig. 8.17 Plot of truck (loaded) fuel consumption against speed
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on an uph i l l  gradient of  10.7 per cent ( test  section 57) ranged from 
approximately 400 ml/km to 480 ml/km. A s im i lar  range of fuel consump­
tion of the truck (loaded) was plotted in Figure 8.17 fo r  an uph i l l  
gradient of  only 3.6 per cent (test section 30). Consequently in the next 
stage of  the analysis,  the' data from the truck in each load condition  
were analysed separately.
As explained in  the analysis of the car data,  the var iables 1/v 
2and V were the appropriate functions of  speed to use to describe the 
var ia t ion  in fuel consumption due to vehicle  speed. These two indepen­
dent variables were introduced into the analysis together with  the
2
gradient  variables RS, F and F . The results  of th is  analysis are given
below fo r  the truck in each load condit ion with the ‘ t 1 values of  the
regression coe f f ic ien ts  shown in brackets.
Truck empty
FL = 131.7 + 3.183RS -  2.387F + 0.01179F2    (8 . 35)
(85.5) ( -21 .7 )  (12.3)
R2 = 0.955
FI. = 50.1 + - 1 ^  + 0.01586V2 + 3 . 200RS- 2 . 393F + 0.01202F2 ____  (8.36)
(12.5) (10.1) (89.it) ( -23 .6 )  (13.6)
R2 = 0.962
Truck (hal f - loaded)
FL = 152.6 + 5.829RS -  3.057F + 0.01536F2   (8 .37)
( 125. 6 ) ( -24 .9 )  (14.8)
R2 = 0.980
FL = 158.7 -  ~  -  0.00228V2 + 5 . 804RS -  3 . 063F + 0.01533F2   (8 . 38)
( -0 .3 )  ( -1 .0 )  (115.9) ( -24 .9 )  (14.7)
Truck (loaded)
FL = 139.2 + 8 . 896RS -  2.956F + 0.01553F2 . . . . . .  (8.39)
( 7 7 . A) ( - 9 . 5 )  ( 5 .6 )
R2 = 0 . 9 ^
FL = - 1 2 . 1  + + 8.259RS -  3 . 107F + 0.01601F2   (8.40)
( 1 1 . k)  ( 7 .0 )  (69 .5 )  ( - 1 1 . 1 )  (6 .5 )
R2 = 0.955
where V is the truck speed measured in km/h
and the other symbols used are as given before.
Al l  the regression coeff ic ients  were highly s ig n i f ic a n t  in the above 
six equations, except fo r  the coeff ic ien ts  of  V v  and V in equation 
8 . 38 . The regression coeff ic ients  for  RS increased as the GVW of  the 
truck increased, indicating that  as the posit ive  gradient increased, the 
fuel consumption of a loaded truck increased a t  a fas te r  rate to over­
come the extra  weight being carried u p h i l l .
Equations 8.36 and 8.40 have been plot ted in Figure 8.18 for
vehicle speeds o f  20 km/h and 40 km/h, but in the case of  the truck
hal f - loaded,  equation 8.37 was plotted as the coe f f ic ien ts  of  ^/v and 
2V in equation 8.38  were not s ig n i f ican t .
On uphil l  gradients,  substantial  d ifferences existed in the fuel  
consumption estimates of the truck in the three load condit ions,  whereas 
on downhill gradients the differences in these estimates were r e l a t i v e l y  
minor. On steep downhill gradients the estimates were very small ,  with  
the re lat ionship  for  the truck loaded tending to predict negative  
quant i t ies  of fuel consumption for certa in speeds. Although in Figure 
8.18  a p lot  of the relat ionship for  the truck loaded t r a v e l l in g  a t  40 
km/h has been drawn for  the complete range of posit ive  gradients ,  the
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Fig. 8.18 Comparison of the truck fuel consumption in empty, half - loaded and loaded conditions
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truck in th is  load condit ion only achieved a speed of  approximately 20 
km/h on pos it ive  gradients which were steeper than 10 per cent.  There­
fore the plots in Figure 8.18 i l lu s t ra te d  the trend of  the fuel  consump­
tion of  the truck in each load condit ion for  various speeds on a l l  
gradients,  but care must be taken in in terpret ing these plots a t  the 
extreme gradient conditions.
Equations 8.36  and 8.A0 predicted that the minimum amount of fuel  
consumed by the truck t ra ve l l in g  on uniform gradients would be a t  a 
constant speed of 37.6 km/h in the empty condition and a t  a constant 
speed of 37.4 km/h in the loaded condition.
ie when d(FL) _ -1688 ■ 2 ( 0 . 01586V). *= 0
dV v2
for  the empty condit ion and
when d(FL) _ -4669 . 2 ( 0 . 04447V)- = 0
~ d V ~ -------y2~  +
fo r  the loaded condition.
The major di fferences in fuel consumption, however, occurred 
between the three load conditions of the truck. Thus, in the next
stage of  the analysis,  the e f fe c t  of the gross vehicle  weight of  the
truck was investigated.
8 .4 .3  Effect  of gross vehicle weight
In this analysis the gross vehicle weight (GVW) was introduced as 
a var iab le  to describe the e f fe c t  of the d i f f e r e n t  load condit ions on 
the truck fuel consumption. The data points from the truck in a l l  
three load conditions were combined, giving a to ta l  of 2295 points.  The 
resul ts of th is analysis are given below with the ‘ t 1 values of the 
regression coef f ic ien ts  shown in brackets.
330
Truck ( a l l  loads)
FL ** -  67.1 +■— — .+ 0.03572V2 + 5.052RS -  2.862F + 0.01 W F 2 . . . . .  (8 .41)
(16.7) (9 .8) (63.2) ( -13 .6 )  (8 .1 )
R2 -  0.831
FL = - 2 1 6 . 5 + — — • + 0.0A266V2 + 5.266RS -  2.866F + 0.01522F2 + 21.1 GVW
(17.7) (13.0) (73.2) ( -15 .2 )  (9 .3 )  (2*1.2)
  (8.42)
R2 = 0.866
where GVW is the gross vehicle weight of the truck in tonnes 
and the other symbols used are as given before.
All  the regression coe f f ic ien ts  were highly s ig n i f ic a n t  in the 
above two equations. The introduction of  the var iab le  GVW in equation
8.42 increased the precentage of var ia t ion in fuel consumption explained 
by the independent variables to 86.6 and improved the 11 1 values of  a l l  
the other-regression coe f f ic ien ts .
Equation 8.42 was compared with the three separate re lat ionships  
for  the truck empty, half- loaded and loaded (equations 8 . 36 , 8.37 and 
8.40) by inputting the values of 4.03 tonnes, 7.03 tonnes and 10.03 
tonnes for  the GVW var iab le .  Estimates of fuel consumption from these 
four relat ionships are given in Table 8.16 for  several speeds and 
gradients.  The relationships for  the truck empty have been p lo t ted  in 
Figure 8 .19,  fo r  the truck half- loaded in Figure 8.20 and fo r  the truck  
loaded in Figure 8.21.
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TABLE 8.16
Comparison of  truck fuel consumption estimates 
using the var iable  GVW
Gradient Truck fuel consumption -(ml/km)
Vehi cle 
speed
(m/km) Empty H a l f - loaded Loaded
(km/h)
tr nEqu-
8.36
c nEqu-
8.42
c nEqu-
8.37
r nEqu-
8.40
c nEqu-
8.42
Ri se Fall c nEqu-
8.42
20 0 0 140.8 111.0
152.6
174.3 178.5 237.6
4o 0 0 117.7 49.5 112.8 115.2 176.1
20 70 - 364.8 479.6
560.6
542.9 756.6 606.2
ko 70 - 341.7 418.1 481.4 693.3 544.7
20 140 - 588.8 848.2
968.9
911.5 1334.8 974.8
ko 140 — 565.7 786.7 850.0 1271.5 913.3
. 20 - 70 32.2 < 0
13.9
48.3 39.5 111.6
40 — 70 9.1 < 0 < 0 < 0 50.1
20 - 140 41.4 8.1
25.7
71.4 57.3 134.7
ko . - 140 18.3 <  0 9.9 < 0 73.2
Combining the data from the truck in a l l  three load conditions  
and using the var iable  GVW to explain the d i f ference in fuel consump­
tion between these loads, did not produce a sa t is fac tory  fuel est imat ing  
re la t ionship .  The comparison of the estimates from this re la t ionsh ip  
(equation 8.42) and those from the relat ionships derived separately fo r  
each load condit ion, showed that on steep uphil l  gradients there were 
large d i f ferences.
For the truck in the empty condit ion, equation 8.42 over-estimated  
the fuel consumption by as much as 40 per cent on steep u ph i l l  gradients,
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Fig. 8.19 Comparison of truck (empty) fuel consumption relationships using the variable GVW
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Fig. 8.20 Comparison of truck (half-loaded) fuel consumption relationships using the variable GVW
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Fig. 8.21 Comparison of truck (loaded) fuel consumption relationships using the variable GVW
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whereas f o r  the truck in the loaded condit ion, this equation under­
estimated the fuel consumption by as much as $0 per  cent,  again on 
steep uph i l l  gradients.  On downhill gradients,  there were d i fferences  
between the two sets of estimates but,  as the fuel consumption was not 
large on these gradients,  the differences were r e la t i v e ly  small.
Since the major differences in the fuel consumption estimates 
occurred on uph i l l  gradients,  the var iab le  (GVWxRS) was introduced 
into the analysis in place of the separate variables GVW and RS, as 
had been successfully employed in the analysis of the t r a n s i t  fuel  
consumption. The resu l t  of  this analysis is given below with the 11 1 
values shown in brackets.
Truck ( a l l  loads)
FL = 29.1 + £ —  + 0.02033V2 + 0 .848(GVWxRS) -  2.599F + 0.01320F2 . . .  (8.43^
(15.7) (11.4) (155.0) • ( -25 .8 )  (14.9)
R2 = 0.960
All  the regression coe f f ic ien ts  were highly s ig n i f ic a n t  in the
above equation. The use of the var iable  (GVWxRS), in place o f  the two
2
separate var iables GVW and RS in equation 8.42, improved the R value  
of the equation.
Equation 8.42 had been compared with the relat ionships derived  
separately fo r  each of the three load conditions of the truck in 
Table 8.16 and Figures 8 .19 ,  8.20 and 8.21, and shown to be an unsatis ­
factory fuel estimating re la t ionship .  A s im i la r  comparison was carr ied  
out using equation 8.43 in place of equation 8.42,  and again subst i tu ­
t ing the values 4.03 tonnes, 7.03  tonnes and 10.03 tonnes as the gross 
vehic le  weight of the truck empty, half - loaded and loaded respect ive ly .
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Estimates of fuel consumption from these relationships are given in 
Table 8.17 fo r  several speeds and gradients.  The re lationships fo r  
the truck empty have been plotted in Figure 8 .22, fo r  the truck h a l f -  
loaded in Figure 8.23 and fo r  the truck loaded in Figure 8 .24.
TABLE 8.17
Comparison of  truck fuel consumption estimates using the
variable  (GVWxRS)
1---------------
Gradient
(m/km)
Truck fuel consumption (ml/km)
Vehi cle 
speed
Empty
•
H a lf - loaded Loaded
(km/h) Ri se Fall r  nEqu-
8.36
c  nEqu-
8.43
r n Equ-
8.37
r- nEqu-
8.43
r  nEqu-
8.40
c nEqu-
8.43
20 0 0 140.8 148.3
152.6
148.3 178.5 148.3
40 0 0 117.7 117.2 117.2 115.2 117.2
20 70 - 364.8 387.5
560.6
565.6 756.6 743.7
40 70 - 341.7 356.4 534.5 693.3 712.6
20 140 - 588.8 626.7
968.9
982.9 1334.8 1339.1
40 140 - 565.7 565.6 951.8 1271.5 1308.0
20 - 70 32.2 31.1
13.9
31.1 39.5 31.1
40 — 70 9.1 0 0 < 0 0
20 - 140 41.4 43.2
25.7
43.2 57.3 43.2
40 — 140 18.3 12.1 12.1 < 0 12.1
The two sets of estimates of  fuel consumption fo r  the truck empty 
from equations 8.36 and 8.43 were very s im i lar  for  a l l  speeds, as were 
the estimates for the truck half - loaded from equations 8.37 and 8 .43 ,  
and for  the truck loaded from equations 8.40 and 8.43.  Thus equation 
8.43 was a more accurate predictor of  fuel consumption than equation
8.42 for  the truck in any load condition.
337
. 0.848 IG'/'N
„  GV'N = 4-03'
222 i. + 0
0.599? +
_=20I  350
T r u c K ^ n i ^ - 7 ^  + 3.200 RS
A688 + 0 .0 ^ 8 0
2.3938FL=50/l V + 0.0A202 F2
ah 20 40 Grad»eot
B9
8 2 2 ComP®iso"
Fall (m/km) 
o f tru ck  (em pty) fu e l consum ption
Rise (m/km)
using the variable {GVW x RS)
338
960
880
Truck (half-loaded)—Equation 8.37
FL = 152.6 + 5.829 RS -  3.057 F + 0.01536 F2
800
720
640
480
240
Truck (combined data — GVW = 7.03)
Equation 8.43
160i FL = 29.1 + 2221 + 0.02033 V2
+ 0.848 (GVW x RS) 
-2 .5 9 9  F + 0.01320 F2
20 40 60 80 100 120 140140 120 100 80 60 40 20 0
Fall (m/km) Gradient Rise (m/km)
Fig. 8.23 Comparison of truck (half-loaded) fuel consumption relationships using the variable
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Fig. 8.24 Comparison of truck (loaded) fuel consumption relationships using the variable (GVW x RS)
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As in the analysis of  the t ra n s i t  fuel consumption data,  the 
var iab le  GVW(RS-F) was introduced into the analysis of the truck data,  
in an attempt to improve the accuracy of predicting fuel consumption 
on negative gradients.  The result  of th is analysis is given below 
with the 1t 1 values of  the regression coe f f ic ien ts  shown in brackets.
Truck (a l l  loads)
FL = 92.8 + - ^ Z i +  0.00376V2 + 0.592GVW(RS-F) +0.02014F2   (8.44)
(11. 0) (1 . 1) (8 0 .3 ) (26. 8)
R2 = 0.841
The regression coe f f ic ien ts  were a l l  s ig n i f ican t  in the above
2equation except fo r  the c oe f f ic ien t  of V . A comparison o f  the above
equation with equation 8.43 showed that replacing the var iables (GVWx
RS) and F by the single var iab le  GVW(RS-F), reduced the s t a t i s t i c a l
2signi f icance of the re lationship  with a lower R value and lower ‘ t 1
2values of  the coe f f ic ien ts  of V v  and V .
Thus s t a t i s t i c a l l y  the best re lationship  derived for  est imat ing the
2truck fuel consumption was equation 8.43,  with the var iab les  V v ,  V ,
2(GVWxRS), F and F explaining 96.0 per cent of the v a r ia t io n  in fuel  
consumption.
8 .4 .4  E f fect  of other road character is t ics
In the next stage of the analysis,  the e f fe c t  o f  the other road 
cha ra c te r is t ic  variables were investigated. The low values of  the 
corre la t ion  coef f ic ien ts  between fuel consumption and the var iab les  
curvature, roughness and road width, given in Tables 8 .12,  8 . 1 3 , . 8 .1 4  
and 8.15 indicated that on the i r  own they had very l i t t l e  influence on 
the fuel consumption of the truck in any load condit ion. Thus these
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three var iables were, each in turn, included in a regression analysis  
together with the var iables used to derive equation 8.43.
The resul ts o f  th is  analysis are given below with the ' t '  values 
of  the regression coe f f ic ien ts  shown in brackets.
Truck ( a l l  loads)
FL = 21.9 + ~ ~  +0.02171V2 + 0 .837 (GVWxRS) -  2.682F + 0.01326F2 + 0.0247C
(16.1) (12.2) (147.4) ( -26 .6 )  (15.1/  (6 .2 )
. . . .  (8.45)
R2 = 0.960
FL = 24.1 + — 15-+ 0.02076V2 + 0 .846 (GVWxRS) -  2.617F + 0 . 01325F2 + 0.00144R
(15.7) (11.6) (153.4) ( -25 .9 )  (15.0) (2 .5 )
. . . .  (8 .*'6)
R2 = 0.960
FL = 57.5 + - ^ ~  + 0.02077V2 + 0 . 8 4 9 (GVWxRS) -  2.576F + 0.01307F2 -  4.03W
(15.6) (11.7) (155.1) ( -25 .5 )  (14.8)  ( -3 .3 )
. . . .  (8.47)
R2 = 0.960
where C is the horizontal curvature measured in degrees/km
R is the roughness measured in mm/km
W is the road width measured in metres
and the other symbols used are as given before.
All the regression coe f f ic ien ts  in the above three equations were
highly s ig n i f ic a n t .  The addit ion of the variables C, R and W did not
increase the percentage of var ia t ion  explained by the var iables in each
2equation when compared with equation 8.43,  as the R value remained
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a t  O.96O. Also, the magnitude of the regression coe f f ic ien ts  of  these 
addit ional  var iables were small.
The c o e f f ic ie n t  of C in equation 8.45 indicated that  an increase 
in curvature of  100 degrees/km resulted in an increase o f  2.47 ml/km 
in the fuel consumption of  the truck. S im i la r ly  in equation 8.46, '  the . 
c o e f f ic ie n t  of R indicated that  an increase in roughness of  1000 mm/km 
produced ar. increase in fuel consumption of  1.44 ml/km, while in 
equation 8.47, fo r  each one metre reduction in road width, the increase 
in fuel consumption was 4.03 ml/km.
As explained in greater  de ta i l  in the analysis of the car data in
section 8 . 2 .3 ,  i t  was reasonable to expect that curvature, roughness
and road width would not show any great influence on fuel consumption,
since the vehicles were operated at controlled speeds. Thus the most
appropriate re lationship  derived for estimating the fuel consumption
of  the truck was equation 8.43.  This re lationship  was s t a t i s t i c a l l y
highly s ig n i f ic a n t ,  with the var iable  (GVWxRS) explaining the v a r ia t io n
in fuel consumption between d i f f e r e n t  load conditions on uphi l l
2
gradients,  the var iables F and F explaining the va r ia t ion  on downhill
2gradients,  and the variables V v  and V explaining the v a r ia t io n  w ith in  
a test  section due to changes in the vehicle  speed. Together these 
var iables accounted for  96 per cent of  the var ia t ion  in fuel consumption 
of the truck in a l l  three load conditions.
8.5 Conclus ions
In this chapter,  the author has investigated the e f f e c t  of  various  
road character is t ics  and vehicle speed on the fuel consumption of three  
classes of vehicle; a car,  a t ra n s i t  van and a two-axled, 10-tonne truck.
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The e f f e c t  o f  d i f f e r e n t  load c o n d it io n s  on the fu e l  consumption o f  the
t r a n s i t  van and t ru c k  were a ls o  examined.
In the analysis of a l l  three vehicles,  gradient was shown to 
have the largest e f fe c t  on fuel consumption, p a r t ic u la r ly  pos it ive  
gradients.  On downhill gradients,  i t  was shown that  a more appropriate  
re lat ionship  to use to describe the fuel consumption was a quadratic  
function of the var iable  f a l l .  A l inear  function of  the var iab le  f a l l  
tended to predict  very low or negative estimates of fuel consumption 
on steep downhill gradients,  whereas a quadratic function re s t r ic ted  
th is tendency, givfng more r e a l i s t i c  estimates of fuel consumption.
Fuel consumption was plotted against the speed of  each vehic le  
fo r  a wide range of  test  sections, i l l u s t r a t i n g  that a U-shaped curve 
existed between fuel consumption and speed. In previous studies,  the 
inverse plus the squared terms of the speed var iab le  had been used to 
describe this curve and were shown, in th is chapter,  to be an adequate 
descr iptor of the var ia t ion  in the fuel consumption of the three tes t  
vehicles used in the St. Lucia study, due to changes in t h e i r  speed.
The t ra n s i t  and the truck were operated in two and three load 
condit ions respect ive ly ,  where a considerable d i f ference in the fuel  
consumption existed between the load condit ions. Accurate fuel consump 
t ion estimating relationships were derived for each load condition of  
these two vehicles and compared with relat ionships derived from the 
combined data from a l l  the load condit ions of that veh ic le .  The use 
of the cross-product of the gross vehicle  weight and pos it ive  gradient  
was shown to be a var iab le  that accurately described the v a r ia t io n  in 
fuel consumption of a vehicle in d i f f e r e n t  load condit ions on pos i t ive  
gradients.  On negative gradients,  l i t t l e  var ia t ion  in fuel consumption
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between the d i f f e r e n t  load c o n d it io n s  was observed.
The vehicle  fuel consumption experiments were conducted at  con tro l ­
led speeds which reduced the e f fe c t  o f  road character is t ics  such as 
curvature, roughness and road width. However, in normal operation the 
influence of these factors would be in d i re c t ly  ref lected by t h e i r  
i n f 1uence on speed.
The most appropriate and highly s ig n i f ic a n t  re la t ionship  fo r
estimating the fuel consumption of  the car was equation 8.10 given in
2
section 8 .2 .2 .  This re lationship  contained the var iables RS, F and F 
to explain the var ia t ion  in fuel consumption on uphi l l  ( RS) and down- 
h i l l  (F) gradients,  and the var iables V v  and V to explain the v a r i a ­
t ion  due to changes in vehicle speed (V ) . These f iv e  var iables
accounted fo r  over 95 per cent of the va r ia t ion  in the car fuel con­
sumption.
The most appropriate and highly s ig n i f ic a n t  re lationships fo r  
estimating the fuel consumption of the t ra n s i t  and the truck were 
equations 8.25 in section 8 .3 .3  and equation 8.^3 in section 8 . A .3 
respect ive ly .  Both these relat ionships contained the var iab le
(GVWxRS) to explain the var ia t ion  in fuel consumption between gross
vehicle  weights (GVW) on uphil l  gradients (RS), the var iables F and F 
to explain the var ia t ion  on downhill gradients ( F ) , and the var iab les  
V v  and V to explain the var ia t ion  due to changes in vehic le  speed 
( V ) . These var iables accounted for  96 per cent of  the v a r ia t io n  in 
the t r a n s i t  and the truck fuel consumption fo r  a l l  load condit ions.
9. COMPARISON OF RESULTS FROM ST. LUCIA WITH OTHER VOC STUDIES
9*1 I n t r o d u c t i o n
The Caribbean VOC study was designed to  complement the  r e l a t i o n ­
ships d e r iv e d  in the  e a r l i e r  Kenya Road T ra ns p o r t  Cost Study**. As 
s t a t e d  a t  ^he beginning o f  t h i s  t h e s i s ,  the o b j e c t i v e s  were to  v e r i f y  
the form o f  the e x i s t i n g  Kenya r e l a t i o n s h i p s ,  to  modify  them i f  neces­
s a r y ,  and to  extend t h e i r  a p p l i c a b i l i t y  to  more extreme p h y s ic a l  
condi t i o n s .
The v e h i c l e  performance study c a r r i e d  out  in S t .  Lucia produced  
a c c u ra t e  r e l a t i o n s h i p s  f o r  e s t i m a t i n g  v e h i c l e  speed and f u e l  consumption  
on r u r a l  paved roads.  A comparison o f  these  r e s u l t s  w i t h  the  r e s u l t s  
from the Kenya study v a l i d a t e d  the form of  the Kenya r e l a t i o n s h i p s ,  but  
showed d i f f e r e n c e s  in the magnitude o f  the two se ts  of  e s t im a t e s  which  
a r e  discussed in d e t a i l  in t h i s  c h a p te r .  The d i f f e r e n c e s  were  p a r t i c ­
u l a r l y  n o t i c e a b l e  in the v e h i c l e  speed e s t im a t i n g  r e l a t i o n s h i p s  where  
the magnitude o f  the  es t im a tes  d i f f e r e d  c o n s id e r a b ly  due t o  t h e  con­
t r a s t  between the  phys ica l  environments in which the two s t u d ie s  were  
conducted.
In t h i s  c h a p te r  an i n v e s t i g a t i o n  has been c a r r i e d  o u t  i n t o  the
p o s s i b i l i t y  o f  c r e a t i n g  a methodology f o r  e s t im a t i n g  v e h i c l e  speeds in
environments in between these two ex tremes ,  thus d ispens in g  w i t h  the
need to  d e r i v e  a new se t  o f  r e l a t i o n s h i p s  to  s u i t  each p a r t i c u l a r
env ironment.  The r e c e n t l y  publ ished  p r e l i m i n a r y  r e s u l t s  from th e  Road
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User Cost Study in In d ia  have a ls o  been compared w i t h  the r e s u l t s  
f rom the Kenya and S t .  Lucia  s t u d i e s .
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9 .2  Comparison o f  v e h ic le  speed e s t im a t in g  re la t io n s h ip s
The analysis of the vehicle speed data from the St.  Lucia study 
produced a number of speed estimating relationships as shown in Chapter 7. 
The vehic le  speed estimating relationships derived in the Kenya study fo r  
cars, 1ight vehicles and trucks on paved roads are summarised below.
Cars
V = 102.6 -  0.372RS -  0.076F -  0.111C -  0.00A8A . . . . . . .  (9 .1 )
Light vehicles
V = 86.9 -  0.418RS -  0.050F -  0.07**C -  0.0028A ............ . .  (9 .2 )
Trucks
V = 68.1 -  0.519RS + 0.030F -  0.058C -  0.000AA . . . . . . .  (9 .3 )
where as before V is the vehicle  speed measured in km/h
RS is the r ise  measured in m/km
F is the f a l l  measured in m/km
C is the horizontal curvature measured in
degrees/km 
A is the a l t i t u d e  measured in metres.
The only parameters that were s t a t i s t i c a l l y  s ig n i f ic a n t  in both 
sets o f  re lationships derived from the Kenya and St.  Lucia studies were 
r is e ,  f a l l  and curvature. A l t i tude  was not used as a var iab le  in the 
St. Lucia study because of the narrow range of a l t i tudes  encountered on 
this small island, with the major ity  of the roads being coastal routes 
and consequently at sea leve l .  In the Kenya study, a l t i t u d e  was only 
marginally s ig n i f ic a n t  in the car and l ig h t  vehicle speed estimating  
relationships and was s t a t i s t i c a l l y  in s ign i f ican t  in the truck speed 
estimating equation. Thus i ts  exclusion from a modified equation was
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not l i k e l y  to a l t e r  the values of any of the other co e f f ic ien ts  in 
equations 9 .1 ,  9 .2  and 9.3  as i t  was also not highly correlated with  
any of  the variables r ise ,  f a l l  or curvature.
In Chapter 7 the speed of  each class of vehicle  in St.  Lucia had 
been analysed using only the variables r is e ,  f a l l  and curvature 
(equations 7.20,  7.**9 and 7 .7 7 ) ,  and i t  was these three re lat ionships  
that were used to carry out a d i rec t  comparison with the Kenya r e l a t i o n ­
ships (equations 9 .1 ,  9.2  and 9.3 without the a l t i tu d e  c o e f f ic ie n t )  .
The regression coe f f ic ien ts  derived from the two studies for  the three 
vehicle  classes using only r ise ,  f a l l  and curvature as the independent 
variables are given in Table 9 .1 .
TABLE 9.1
Comparison of regression coef f ic ien ts  of  vehicle speeds between the
Kenya and St. Lucia studies
V e h i c l e
type
Loca t  i on 
o f  
study
Regression c o e f f i c i e n t s
Constant Ri se F a l l C u rv a tu re
Cars Kenya 102.6 -0 .372 -0.076 -0.111
S t .  Lucia 66.7 -0.073 -0.058 -0 .032
L ig h t Kenya 86.9 -0.418 -0 .050 -0.07*1
v e h i c l e s S t .  Lucia 62.1 -0.081 -0.059 -0 .028
Trucks Kenya 68.1 -0.519 +0.030 -0 .058
S t .  Lucia 57.^ -0.213 -0.111 -0.021
For a l l  three vehicle  classes the coe f f ic ien ts  s ig n i f ic a n t  in 
both studies d i f fe red  consistently  to i 11ustrate the e f fe c t  on vehic le  
performance of the extreme di fferences in the two environments.
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As explained in Chapter 7 the regression constant represented 
the 1free-speed1 of the vehicles;  that  is the speed a t  which unimpeded 
vehicles would t ravel on f l a t  s t ra ig h t  sections of  road. There were 
large di fferences in the ' f ree-speed1 of  vehicles between the two 
studies for  each vehicle class. For example, in the case of  cars the 
speed on f l a t  s t ra ig h t  sections of road in Kenya was estimated as 
102.6 km/h, whereas in St.  Lucia the speed was estimated to be 66.7  
km/h. S im i la r ly  the ' free-speeds' of l ig h t  vehicles and trucks in 
Kenya were higher than in St.  Lucia.
The range of speeds covering the three classes of veh ic le  was 
much wider for  Kenya than fo r  St.  Lucia, but in both studies the 
' free-speeds' decreased as the size of the vehicle increased. The 
reasons for the differences between the ' f ree-speeds1 in the two studies  
with in  each class of vehicle are discussed in de ta i l  la te r  in th is  
chapter.
The absolute value of the r ise c o e f f ic ien t  fo r  each veh ic le  class 
was higher for  the Kenya relationships than in the St. Lucia r e l a t i o n ­
ships. For example, in the case of cars the r ise  c o e f f ic ie n t  indicated  
that  for  each one per cent (10 m/km) increase in pos it ive  grad ient ,  the 
speed of cars in Kenya decreased by 3.72 km/h while  in St.  Lucia car 
speeds decreased by 0.73 km/h. This i l lu s t r a te d  the point that  the 
rate of change of speed due to posit ive  gradient was greater  fo r  
vehicles generally  tending to travel at  high speeds than a t  low speeds. 
In both the Kenya and St.  Lucia re lat ionships ,  the value of  the r ise  
c o e f f ic ie n t  increased as the size of the vehicle  increased, ind icat ing  
that posit ive  gradients slowed down trucks more than l ig h t  vehicles  
which, in turn, were af fected more than cars.
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The e f fe c t  of  negative gradients tended to be influenced by dr iver  
behaviour to a large extent  and the regression coe f f ic ien ts  for  f a l l  
did not always have the same stable qua l i t ies  as the r ise  c o e f f ic ie n ts .
In the case of cars the f a l l  coef f ic ien ts  indicated that for  each one
per cent (10 m/km) increase in negative gradient,  the speed of cars in 
Kenya decreased by 0.76 km/h while in St. Lucia the speed of  cars
decreased by 0.58 km/h. The reduction in the speed of l ig h t  vehicles
was s im i la r  for both studies, but fo r  trucks the speeds increased on 
negative gradients in Kenya and decreased in St. Lucia.
This phenomenon for  truck speeds can be explained by examining 
the environment in which the two studies were carried out.  In Kenya 
the ro l l in g  te r ra in  permitted trucks to accelerate on negative gradients  
whereas the mountainous te r ra in  of St. Lucia inhib ited trucks from 
increasing the i r  speeds, as the roads were generally not only steep 
but also twis t ing .  Cars and l ig h t  vehicles did not show th is  tendency 
as they do not re ly  to the same extent on using downhill sections of  
road to increase the i r  speeds. Although the trend of the c o e f f ic ie n ts  
of f a l l  changed for  each vehicle  c lass,  they did r e f le c t  the influence  
of the operati ng cond i t io n s .
The coe f f ic ien ts  for  curvature behaved as expected, reducing 
speed a t  a f a s t e r . r a t e  at  higher speeds than at lower speeds. For 
example in the case of cars the curvature coe f f ic ien ts  indicated that  
for  each 100 degrees/km increase in horizontal curvature, the speed of  
cars in Kenya decreased by 11.1 km/h while in St.  Lucia the speed of  
cars decreased by 3.2 km/h. Unlike the r ise c o e f f ic ie n ts ,  the absolute 
values of the curvature coe f f ic ien ts  decreased as the s ize  of  the 
vehicle increased, indicat ing that horizontal curvature had a greater
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e f fe c t  on cars than l ig h t  vehicles which, in turn, were a f fected more 
than trucks.
In general,  a t  the higher speeds encountered in Kenya, vehicles  
were slowed down quicker than a t  the lower speeds encountered in 
St. Lucia, as ref lected in the values of  the two sets of  regression 
c o e f f i c ie n t s .
A comparison o f  the ranges of road character is t ics  between the 
tes t  s i tes  in Kenya and St.  Lucia used fo r  the vehicle  speed 
experiments have been given in Table 9 .2 .
TABLE 9 .2
Comparison of road character is t ics  between Kenya and St .  Lucia 
test  s i tes  used fo r  vehicle speed measurements
Location
of
study
Gradient
(m/km)
Curvature
(degrees/km)
Roughness
(mm/km)
Width
(metres)
mi n max min max min max min max
Kenya 0 85.6 0 157 1429 3557 5.6 7.5
St. Lucia 0 110.8 0 1099 1329 12928 4.3 8 .5
The St.  Lucia test  s i tes  covered a wider range of a l l  four road 
character is t ics  (gradient ,  curvature, roughness and width) than the 
Kenya test  s i te s .  By extending the range of road ch a rac te r is t ics  in 
St. Lucia, w h i ls t  at  the same time including si tes s im i la r  to those 
encountered in Kenya, a set of  speed estimating re la tionships were 
derived that d i f fe re d  considerably from the Kenya re la t ionsh ips ,  as 
shown in Table 9*1* Although the di fferences in the c o e f f ic ie n ts  fo r  
r is e ,  f a l l  and curvature between the two studies were explained as 
being caused by the d i f f e r e n t  ' f ree-speeds1 represented by the constant
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terms, an explanation of the va r ia t io n  in ' free-speed1 fo r  a p a r t ic u la r  
class of vehic le  was also required.
I f  the Kenya equations were applied to the St. Lucia road layout,  
the predicted vehicle  speeds would be higher than the speeds predicted  
by the St.  Lucia equations. One possible explanation could be that  the 
two data sets were completely compatible but the re lationships between 
speed and the layout of the roads were not l in e a r ,  as i l l u s t r a te d  
graphica lly  below.
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Thus the assumptions would be that  the Kenya re lationships were 
derived on good to average road layouts whi1st the St.  Lucia r e l a t i o n ­
ships were derived on average to bad layouts, as i l lu s t r a te d  below.
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This explanation was rejected as the data sets from the two 
studies did overlap,  as shown in Table 9 .2 .
The speeds of the three classes of vehic le  were higher in Kenya 
fo r  a good qu a l i ty  of  road layout,  but as the qua l i ty  of the road layout  
deter iorated the vehicle  speeds in Kenya decreased fas te r  than the 
speeds in St.  Lucia.  This would resu l t  in one of two poss ib i1i t i e s :  
e i th er  ( i )  the speeds in Kenya were always higher than the speeds in 
St. Lucia, or ( i i ) on - bad road layouts the speed of vehicles in Kenya 
f e l l  below the speeds in St. Lucia. These two possib i1i t i e s  are  
i l lu s t r a te d  graphically  below.
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On the test  s i tes  in Kenya, the maximum gradient was 85.6  m/km 
and the maximum curvature was 157 degrees/km. These values were input 
as the r ise  and curvature (with f a l l  being set to zero) in the six  
equations l is ted  in Table 9.1 to derive speeds for  the three classes of  
vehic le  on a r e l a t i v e l y  bad road layout.  These speeds'have been given 
in Table 9.3> together with the speed of vehicles on a good road layout  
( i . e .  the ' f ree-speed1 of vehicles on f l a t  s t ra ig h t  sections of  road).
TABLE 9.3
Comparison of Kenya and St. Lucia vehicle speeds on 
d i f fe r e n t  road conditions
Location
of
study
Cars (km/h) Light vehicles  (km/h) Trucks (km/h)
Good
layout
Bad
layout
Good
layout
Bad
layout
Good
layout
Bad
layout
Kenya 102.6 53.3 86.9 39.5 68.1 '14.6
St.  Lucia 66.7 55.4 62.1 50.8 57.4 35.9
Good layout -  RS = 0, F = 0,  C = 0 
Bad layout -  RS = 85 . 6 , F = 0,  C = 157
The f igures in Table 9.3  indicated that i t  was possible for  the 
speed of vehicles in Kenya to f a l l  below the speeds in St.  Lucia,  fo r  
a l l  three classes of veh ic le .  These f igures have been plot ted in 
Figure 9*1» showing that i t  was possible fo r  the estimates of  vehic le  
speed from the two studies to converge as the road layout became worse, 
cross over and then diverge.
By d e f in i t io n  ‘ f ree-speeds1 are the speeds a t  which unimpeded 
vehicles travel  on f l a t  s t ra ig h t  sections of road, yet ,  fo r  example, 
the average speed of cars in Kenya was 102.6 km/h w h i ls t  in St .  Lucia
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the average speed was 66.7 km/h. I t  would be incorrect to explain  
these d if ferences as being due simply to the ro l l ing  te r ra in  of Kenya 
and the mountainous te r ra in  of St.  Lucia,  since the d e f in i t io n  of ‘ f re e -  
speed1 excluded road geometry e f fe c ts .
A more reasonable explanation would be that the general layouts of  
roads in a*i area resulted in differences in dr iver  behaviour and vehicle  
performance4.. The rural roads in Kenya are situated in wide open spaces 
resul t ing  in dr ivers being accustomed to travel 1ing at  high speeds over 
long distances. In St.  Lucia the rural roads are general ly  steep and 
twist ing result ing in dr ivers being accustomed to having to t ravel  a t  a 
lower speed, even on f l a t  s t ra igh t  sections as the h i l l y  te r ra in  
surrounding these f l a t  sections prohibi ts  a high speed being maintained 
fo r  any great distance.
This suggested a series of speed/environment re lationships d is ­
t inguished by veh ic le /d r iv e r  character is t ics  and defined by the average 
' free-speed'  in each par t icu la r  environment, with the e f fe c t  o f  road 
geometry varying between environments. Thus the two sets of  data from 
Kenya and St.  Lucia, though compatible and providing speed/environment 
re lationships of a s im i la r  format,  estimated the e f fe c t  of road geometry 
on speed d i f f e r e n t l y  through coe f f ic ien ts  of varying magnitude, although 
the geometric character is t ics  of the two data sets overlapped.
A set of accurate but d i f f e r e n t  equations were produced fo r  
estimating vehic le  speeds separately for  Kenya and St.  Lucia. This 
implied that to estimate vehic le  speeds in another country,  p a r t ic u ­
l a r ly  i f  the environment in that country was not s im i lar  to e i th e r  of  
the two extremes encountered in the two studies, a new set of speed 
estimating relat ionships would have to be derived.
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The vehicle  speed estimating relationships form part  of  a series  
of  re la tionships fo r  estimating components of vehicle operating costs.
I t  would not be pract ica l  for  a user of these veh ic le  operating cost 
re lationships to have to derive his own vehicle  speed estimating  
equations for  the environment under, invest igat ion.  Consequently a 
method was evolved, that made use of  the vehicle  speed estimating  
equations from the two studies, fo r  estimating vehicle  speeds in an 
environment between these two extremes.
9 .2 .1  Methodology for  inte rpola tion
The consistent gradation of the regression coe f f ic ien ts  describing  
the e f fe c t  on vehicle  speeds in the two physical environments made i t  
reasonable to in fe r  that vehic le  speeds in environments between these 
two extremes, could be adequately estimated by examining the ‘ f re e -  
speed1 of the vehicles in such an environment and l in e a r ly  in terpo la t ing  
the regression coe f f ic ien ts .
These f igures ,  l is ted  in Table 9.1> showed the e f fe c t  of the 
coeff ic ien ts  on vehic le  speeds in the d i f f e r e n t  environments of the 
two studies with the constant term denoting the ' free-speed' of each 
vehic le  class. I f  the observed ' free-speed' in a p a r t ic u la r  environ­
ment l ies  between these two 'free-speeds' then a decision on which 
re lationship  to use has to be made. However, by knowing the ' f ree-speed'  
fo r  each vehicle class i t  is possible to in terpola te  between the 
coe ff ic ien ts  fo r  r is e ,  f a l l  and curvature to produce a new re la t ionsh ip  
applicable to the observed ' f ree -speed ' .
The vehicle speed estimating re lationship  for  each class of  veh ic le  
in the two environments may be w r i t ten  as follows:
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= Aq + E A.X. (Kenya) . . . . . . .  (9 .*0
Vs = Bo + E Bi Xi (St .  Lucia) . . . ____ (9 .5 )
where Aq and Bq are the observed ' free-speeds1 in Kenya and St.  Lucia 
and A. and B. are the regression coe f f ic ien ts  for  the independent 
variables X . .i
By taking the r a t io  of the ' free-speeds' observed in Kenya and
St. Lucia (A and B ) with each of the regression coe f f ic ien ts  in turn,  o o .
a new set of regression co e f f ic ien ts ,  Q . , can be calculated f o r  any
observed ' f ree -speed ' ,  Sq on a f l a t ,  s t ra ig h t  road which f a l l s  in the
range A to B .■ o o
Using the above notat ion,  then
A -  S A. -  Q,. (ao o = i i .............. (9 .6 )
A -  B A. -  B.
o  o  I I
which can be rewri t ten as:
Q. = A. + (S -  A ) (A. -B.)  fa  Tti i o o i r  . . . . . . .  (9 -7)
(A -  B )' o o
The new re lationship  for  vehicle speeds can be expressed as
V = S + I  Q.X.   (9 .8 )q o i i
where Sq is the observed ' free-speed'  on a f l a t ,  s t ra igh t  road fo r  the 
p ar t ic u la r  vehic le  class and Q. are the new regression coe f f ic ie n ts  
expressed as functions of the observed ' free-speed'  for  each veh ic le  
class.
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For example, in the case of cars the r ise co e f f ic ie n t  fo r  an 
observed ' free-speed' S  ^ lying between Aq and Bq is evaluated as 
fo l lows,  using equation 9.7  and the f igures in Table 9 .1 .
Q, = -  0.372 + [SC -  102.£] [-0 .372 -  ( -0 .073)]  ■
(102.6 -  66.7)
Q, = 0.1(83 -  0.00833SC . . . . . . .  (9 .9 )
S im i la r ly  the other regression coe f f ic ien ts  can be evaluated fo r  
the three vehic le  classes using the appropriate ' free-speeds' for  that  
class of vehic le .  The computed values of Q. fo r  each vehic le  class 
are given in Table 9 .4 ,  where S^, and are the observed ' f r e e -  
speeds' on a f l a t ,  s t ra igh t  road for  cars, l ig h t  vehicles and trucks 
respect ive ly .
TABLE-9.4
Regress ion coe f f ic ien ts  for use with observed ' f ree -speed '
Regression
var iab le Cars Light vehicles Trucks
Rise 0.483 -  0.00833SC 0.763 -  0 .01359Sj 1.429 -  0.02860St
Fal l  Q2 -0 .025 -  0.00050S -0 .082 + 0.00036SL -0 .867  + 0.01318St
Curvature 0.115 “ 0.00220SC 0.087 -  0.00185SL 0.177 -  0.00346St
Substitut ing these va 1 ues of Q. into equation 9*8 for  each class of  
veh ic le  produces a vehic le  speed estimating re la t ionship  fo r  an 
observed ' f ree -speed1, Sq , of that pa r t ic u la r  vehic le  class.
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In the analysis of the St. Lucia truck data,  the power to weight  
r a t io  (PW) was shown to be an important and highly s ig n i f ic a n t  
var iab le  fo r  explaining the var ia t ion  in truck speeds w ith in  a s i t e ,  
while the road geometry variables explained the var ia t ion  in speed 
between s i te s .  I ts  inclusion as an extra independent var iab le  did not 
s ig n i f ic a n t ly  a l t e r  the magnitude of the regression coe f f ic ien ts  of  
the road geometry variables (see equations 7.77 and 7.78 in Chapter 7).  
Consequently the possib i1i ty  of including PW as a var iab le  in the new 
re lat ionship  fo r  estimating truck speeds (equation 9.8) was in v e s t i ­
gated.
The Kenya re lat ionship  fo r  estimating the speed of trucks
(equation 9-3) was subsequently modified to include the power to
weight r a t io  using the results of a vehicle speed survey undertaken 
29
in Ethiopia . This short study was conducted over a four week period
in February 1976, and the author was involved in both the f i e l d  work
and the analysis of the data.  The Kenya re lationship  was used to 
estimate the speed of  trucks operating on roads with the physical  
character is t ics  measured a t  the 7 s i tes  in Ethiopia.  The d i f ferences  
between these estimates and the observed speeds at  the Ethiopian s i tes  
were a t t r ibu ted  to the e f fec ts  of power to weight r a t io  and an er ror  
component.
A simple l inear  regression between the speed dif ferences and the 
power to weight r a t io  for  a l l  the Ethiopian si tes produced an equation 
of the form V = 1.11APW -  20.1.  The Kenya re lationship  was then 
modified to include the e f fects  of power to weight r a t io  by adding the 
term 1.11 P^W -  20.1.  As a result  of this modification the constant or
'f ree -speed1 term of 68.1 was represented by the composite funct ion
A8.0 + 1.11APW.
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In the analysis of the St.  Lucia data,  the constant or ' f r e e -  
speed1 term of the regression equation without the power to weight  
r a t io  was 57.** (equation 7 .77 ) .  When the power to weight r a t io  was 
included in the analysis ,  th is  constant was modified to the composite 
function **9.9 + 0.530PW (equation 7 .78 ) .
Thus the two modified expressions v/ere:
6 8 . 1 =  **8.0 + 1.11*tPW (Kenya) . . . _____ (9.10)
57.** = **9.9 + 0.530PW (St .  Lucia) . . . . . . .  (9.11)
The constant term of the composite function? in equations 9.10  
and 9.11» being very s im i la r ,  could be set equal to a common value of
**9.0, with su i tab le  adjustments to the co e f f ic ien t  of the power to
weight r a t io ,  to leave the ' free-speed'  values of 68.1 and 57.** 
unaltered.
The fol lowing adjustments could be made to the c o e f f ic ie n ts :
Kenya (68.1 -  **8.0) _ 1.11 **
(68.1 -  **9.0) Xk
Xk = 1.059 ................. (9.12)
St .  Lucia (57.** " **9.9) _ 0.530
(5 7 . 't -  ^9.0) Xs
Xs = 0 .591* ................. (9.13)
where Xk and X& are the modified coe f f ic ien ts  for  the power to weight  
r a t io  fo r  Kenya and St.  Lucia respect ive ly .
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The f in a l  modified expressions are then
63.1 = **9.0 + 1.059PW (Kenya) . . . . . . .  (9.1*0
57.** = **9.0 + 0.59**PW (St.  Lucia)   (9.15)
Thus using equation 9 . 7» the new regression co e f f ic ie n t  for  the 
power to weight ra t io  can be evaluated fo r  a ' f ree-speed1 of trucks 
lying between 68.1 and 57.** as follows:
= 1.059 + (ST -  68.1) (1.059 -  0.59**)
(68.1 -  5 7 .**)
= -1 .900 + 0.0**3**6St . . . ____  (9.16)
A set of modified regression coe f f ic ien ts  have been derived fo r  
the variables r ise ,  f a l l  and curvature for  a l l  three vehic le  classes 
(Table 9.**) and for  the power to weight var iab le  for trucks (equation 
9 .1 6 ) .  Using these modified regression coe f f ic ien ts ,  r e a l i s t i c  speed 
estimates could now be evaluated for  the three vehicle classes in 
environments lying between the extremes encountered in Kenya and 
St. Lucia by observing the ' free-speeds' of the d i f f e r e n t  classes o f  
vehic le .
These vehicle  speed estimating equations are given below.
Cars
V = S + (0.i|83 -  0.00833SC) RS + ( -0 .025 -  0.00050SC)F + (0,115 -  0.00220SC)C
..................  (9 .17)
Light vehicles
V = SL + (0.763 -  0.01359Sl )RS + ( -0 .082 -  0.00036SL) F +  (0 .0 8 7 -  0.00185SL)C
  (9 . 18)
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Trucks
V= 49.0 + (1 .429 -  0.02860St )RS + ( -0 .867 + 0.01318Sy) F + (0.177 -  0.00346ST)C
. ' + ( - 1  .900 + 0 . 04346S)PW   (9.19)
where is the observed ' free-speed' o f  cars measured in km/h
S  ^ is the observed ' free-speed' of 1ight vehicles measured
in km/h
S-j. is the observed ‘ f ree-speed1 of trucks measured in km/h 
RS is the r is e  measured in m/km
F is the f a l l  measured in m/km
C is the curvature measured in degrees/km
PW is the power to weight ra t io  measured in bhp/tonne.
The constant term fo r  the truck speed estimating equation was
49.0,  whereas the constant terms fo r  cars and l ig h t  vehicles were S^
and respect ive ly .  This constant value of 49.0 was derived in the 
evaluation of the modified regression co e f f ic ie n t  for the power to 
weight r a t io  parameter.
In St.  Lucia the e f fec ts  of road roughness and road width on 
vehicle  speeds had been successfully isolated,  but with the small 
range of these road character is t ics  encountered on paved roads in the 
Kenya study (see Table 9 . 2 ) ,  th e i r  e f fec ts  could not be isolated.  
Consequently i t  was not possible to provide in terpola t ing  formulae fo r  
these two parameters.
9*2 .2  Limitations of the modified speed estimating equations
The interpola t ion method was devised a f te r  the analysis of the 
speed data from St.  Lucia had produced speed estimating re lat ionships
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of a d i f f e r e n t  order of magnitude to those from Kenya. A l inear  
in terpola t ion  technique was applied since there were only two sets of  
re la tionships fo r  comparison. Results of  other research on vehic le  
speeds on rural roads in developing countries could not be used to 
help develop a more accurate in terpola t ion  method for  a number of  
reasons as summarised below.
32( i )  Road User Cost Study in India In this study, separate
relat ionships for  cars and 1ight 'vehic les  were not derived. The single  
speed estimating re lat ionship  for  these two classes of veh ic le  included 
the var iables roughness and width, in addit ion to r ise ,  f a l l  and 
curvature. A s im i la r  re lat ionship  fo r  trucks was also derived which 
did not include the var iab le  power to weight ra t io .  These r e la t io n ­
ships derived using various analysis techniques, have been given in 
Chapter 2 (equations 2.41 to 2 .46 ) .  As these relationships were of  a 
d i f f e r e n t  format and incorporated data from both paved and unpaved 
roads, they could not be compared d i r e c t ly  with the Kenya and St. Lucia 
re lationshi  ps.
As explained in section 2 .4 .2  in Chapter 2, the vehic le  speed 
estimating equations established in this study, applied to the unique 
condit ions encountered in !ndia where there is no segregation of  slow 
moving t r a f f i c ,  such as cycle rickshaws and bullock carts ,  and fas t  
moving t r a f f i c ,  such as cars and trucks. This slow moving t r a f f i c  
tends to in te r fe re  with the normal running of the other t r a f f i c ,  
as re f lec ted in the low vehicle  speeds estimated from the India 
re lationships.  For example, on a f l a t  s t ra igh t  road, the predicted  
speeds were approximately 60 km/h for  l igh t  vehicles and 50 km/h fo r  
trucks, which are lower than the speeds given in Table 9.1 fo r  Kenya
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and St.  Lucia. This point is fu r ther  ejnphasised by examining the 
predicted speeds on a steep, winding, rough road (W = 5 ,  RS = 60,
F = 0, C = 1000, R -  10,000).  The India relationships estimated 
speeds to be approximately 12 km/h and 9 km/h for  l ight  vehicles and 
trucks respect ively.  The.St.  Lucia re lat ionships ,  usirtg equations 
7.23,  7*52 and 7.79 in Chapter 7> estimated speeds to be approximately 
30 km/h for  cars and 1ight vehicles and 20 km/h for trucks.
The unusually low speeds predicted by the India re lationships  
suggested that the speed estimating equations are more applicable to 
environments in which there is a mixture o f  both slow and fa s t  moving 
t r a f f i  c.
31( i i )  Brazil  Highway Cost Study The results of  this study have not 
yet been published. However, the roughness measurements were made with  
Hays Ride Meters cal ibrated by a GMR Prof i lometer . Consequently i t  
w i l l  be d i f f i c u l t  to compare roughness measurements with those from 
Kenya and St. Lucia where a towed f i f t h  wheel bump in tegrator  and 
vehicle mounted in tegrator  units were used, as explained in Chapter 4.
29( i i i )  Ethiopia Vehicle Speed Study . This was a short four-week 
study in which truck speeds only were monitored a t  7 s i tes .  Curvature 
was not included as a var iable  in the analysis because of  the r e l a t i v e l y  
small range encountered on the s i te s ,  but the power to weight r a t io  
variable was used to modify the Kenya re lationship  for  trucks.
A more detai led review on future vehicle speed surveys, together  
with other physical character is t ics  that could be measured to improve 
speed estimates, is given in the discussion on recommendations for  
future work in Chapter 12.
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9.3  Comparison o f  v e h ic le  fu e l  consumption re la t io n s h ip s
The analysis of the fuel consumption data from St.  Lucia produced 
a number of fuel estimating re lationships for  each of the three test  vehicles.  
These test  vehicles have been compared with the vehicles used in the 
Kenya study, together with the estimates of fuel consumption for  each class 
of vehic le  from the two sets of  re la t ionships ,  and are discussed below.
9.3 .1  Car fuel consumption
The vehicle  used in the Kenya fuel consumption experiments was a 
1970 Mkl I 1600 cc Ford Cortina estate car and a simi lar  1977 MkIV model was 
used in the St; Lucia study. The main technical d i fference between the 
two vehicles was that the 1970 model had an overhead valve engine,  
whereas the 1977 model had an overhead cam engine.
6 kThe technical information department of the Ford Motor Company 
gave detai led fuel consumption f igures for  the MkIV Cortina but could 
not provide s imilar  fuel consumption rates for the MklI model. The 
fuel consumption of the 1977 car was quoted as 36 miles per gallon (mpg) 
at  a constant speed of 90 km/h (56 mph) and 22.8 mpg on the Government 
Urban Fuel Economy Test,  ECE-15.
6 RIn an a r t i c l e  by White and Audus , a logarithmic re lationshipwas
established fo r  passenger cars between engine capacity and fuel consump-
66t ion on the ECE-15 te s t ,  using 'What Car?1 magazine as a source. For 
a 1600 cc engine, this logarithmic re lat ionship  predicted a fuel con­
sumption of  approximately 2^.5 mpg, which agreed reasonably well  with  
the f igure  o f  22.8 mpg given for  the MkVI Cortina.
r~j  r o
Tests conducted on the two Cortina models in UK by Motor magazine , 
showed that the di fferences in the rates of fuel consumption between the two 
models were in the order of 5 per cent, as given in Table 9 .5 .
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TABLE 9 .5
Comparison o f  f u e l  consumption ra tes  g iven by 'M o to r ' magazine
Vehicle
Di fference  
(per cent)Ford Cortina 
1600 cc Mkl1
Ford Cortina 
1600 cc MkIV
Overal1 fuel  
(mpg) 26.5
25.0 “5.7
Touring fuel  
(mpg)
30.6 -32.0 +A.6
The f u e l  e s t i m a t i n g  r e l a t i o n s h i p  f o r  cars  d e r iv e d  in Kenya using  
a Mkl.I C o r t in a  is g iven  below.
FL = 5 3 .V + - ^  + 0.0058V2 + 1.594RS -  0.85^F . . .........  (9.20)
where FL is the f u e l  consumption measured in ml/km
V is the speed o f  cars measured in km/h
RS is the r i s e  measured in m/km
F is the f a l l  measured in m/km
The e q u i v a l e n t  r e l a t i o n s h i p  d e r iv e d  from the S t .  Lucia da ta  
(e q u a t io n  8.9 in Chapter  8) is given below.
FL = 2 0 .3  + • — £  + 0 .00 78 9V 2 + 1 .367RS -  0 .3 1 3 F  ...............  ( 9 . 2 1 )
A d i r e c t  comparison o f  the r e g re s s io n  c o e f f i c i e n t s  in e q u a t io n s  
9 . 2 0  and 9.21  in d ic a t e d  t h a t  the f u e l  consumption o f  the c a r  in S t .  Lucia  
increased a t  a s lower r a t e  as the p o s i t i v e  g r a d i e n t  increased and 
decreased a t  a s lower r a t e  as the n e g a t i v e  g r a d i e n t  i n c re a s e d .  A com­
pa r is on  o f  the p r e d ic t e d  v a l u e s ,  however,  would be more m e a n in g f u l .
A more a p p r o p r i a t e  and b e t t e r  e s t i m a t o r  o f  f u e l  consumption was 
d e r iv e d  from the S t .  Lucia da ta  using a q u a d r a t i c  term in f a l l  ( e q u a t i o n
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8.10 in  Chapter 8 ) .  This r e la t io n s h ip  is  g iven below.
FL = 2 ^ . 3  + + 0 .0 0 7 5 8 V 2 + 1.33^RS -  0 . 6 3 0 F +  0 .0 028 6F2 ..........  ( 9 . 2 2 )
The e s t im a te s  o f  f u e l  consumption from eq u a t io n  9 . 2 2  were compared 
w i t h  the e s t im a t e s  from the  Kenya r e l a t i o n s h i p  (eq u at io n  9 * 2 0 )  and a re  
giv en  in T ab le  9 * 6 ,  f o r  a range o f  g r a d ie n t s  and speeds. The maximum 
g r a d i e n t  t a b u l a t e d  was 8 per  cent  as the Kenya r e l a t i o n s h i p  was d e r iv e d  
o n ly  on g ra d i e n t s  up to  8 . 6  per  c e n t .  Both these  r e l a t i o n s h i p s  have  
been p l o t t e d  in F ig u re  9 . 2  f o r  speeds o f  20 km/h,  ^0 km/h and 80 km/h.
On p o s i t i v e  g r a d i e n t s  th e  S t .  Lucia  e s t im a te s  were c o n s i s t e n t l y  
lower than the Kenya e s t im a te s  f o r  a l l  speeds, w i t h  d i f f e r e n c e s  o f  
a p p ro x im a te ly  15 per  cent  on the s te e p e s t  g ra d ie n t s  encountered in th e  
Kenya s tudy .  Al though the maximum g r a d ie n t  o f  the t e s t  s e c t io n s  in  
Kenya was 8 . 6  per  c e n t ,  the average g r a d i e n t  o f  a l l  the s e c t io n s  was 
less than 1 .5  per  c e n t ,  i n d i c a t i n g  t h a t  t h e r e  were r e l a t i v e l y  few 
s e c t io n s  w i t h  s teep  g r a d i e n t s .  P o s i t i v e  g r a d ie n t s  have a much l a r g e r  
e f f e c t  on the fu e l  consumption o f  v e h i c l e s  than n e g a t iv e  g r a d i e n t s ,  
as shown in Chapter  8 .  Thus the e f f e c t  o f  r i s e  may be e xaggera ted  in  
a re g re s s io n  a n a l y s i s ,  i f  the r e l a t i v e l y  few po in ts  a t  the  ext remes  
have u n c h a r a c t e r i s t i c a l l y  high f u e l  consumption va lues caused by o t h e r  
f a c t o r s  not  included  in the a n a l y s i s .
The fu e l  consumption f i g u r e s  from the t e s t  s e c t io n  in Kenya w i t h  
an 8 . 6  per  cent  u p h i l l  g r a d i e n t ,  ranged from 207 ml/km to  231 ml/km  
f o r  speeds ranging from 30 km/h to  80 km/h. These f i g u r e s  compared 
reasonably  w e l l  w i t h  those g iven  in T a b le  9 . 6  as p r e d ic t e d  by the Kenya 
r e l a t i o n s h i p .  However these f i g u r e s  may be u n c h a r a c t e r i s t i c a l l y  high  
f o r  reasons such as the gear  in which the v e h i c l e .  was d r i v e n .  In  Kenya
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TABLE 9 .6
Comparison o f  car fu e l  consumption estim ates from
the Kenya and S t.  Lucia s tud ie s
Vehicle
speed
(km/h)
Fuel consumption (ml/km)
Location 
of study Fall [m/km) F la t Ri se [m/km)
80 60 40 20 0 20 40 60 80
20 Kenya 12 29 47 64 81 113 144 176 208
St. Lucia 44 48 55 64 76 102 129 156 183
30 Kenya 7 24 41 58 75 107 139 171 203
St. Lucia 31 36 43 52 63 90 116 143 169
40 Kenya 7 24 41 58 75 107 139 171 203
St.  Lucia 29 33 40 49 61 87 114 141 167
50 Kenya 10 27 44 61 78 110 142 174 205
St. Lucia 31 35 42 51 63 89 116 143 169
60 Kenya 14 31 48 56 83 114 146 178 210
St.  Lucia 36 40 47 66 68 94 121 148 174
70 Kenya 21 38 55 72 89 121 153 185 216
St. Lucia 43 48 55 64 75 102 129 155 182
80 Kenya 28 46 63 80 97 129 161 192 224
St. Lucia 53 57 64 73 85 112 138 165 192
an 8.6 per cent gradient was an unusually steep gradient,  whereas in 
St. Lucia these gradients were common (average gradient  of the St.  Lucia 
test  sections was 6.9 per cent) .  Consequently the d r ive r  of the test  
vehicle in Kenya, unaccustomed to dr iv ing at  constant speeds on these 
gradients,  may have used a lower gear than the d r ive r  in St. Lucia.
The St. Lucia fuel estimating re lat ionship  had a quadratic term 
in f a l l ,  which prevented negative or very low posit ive  values being 
predicted by a ’ best f i t '  l ine  on the extreme downhill gradients.
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Fig.9.2 Comparison of car fuel consumption estimates from 
the Kenya and St. Lucia studies
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On shallow downhill gradients the St. Lucia estimates were lower than 
the Kenya estimates, but as the downhill gradients increased in steep­
ness, the Kenya estimates became the smaller of the two. I f  the Kenya 
re la t ionsh ip  was applied to the l im i ts  encountered in St.  Lucia 
(gradients up to 1  ^ p ercen t ) . ,  then negative estimates would be pre­
dicted on downhill gradients of 9 per cent and over,  the exact gradient  
being d i f f e r e n t  for  various vehicle speeds.
The fuel consumption estimates from the Kenya re lat ionship  given 
in Table 9.6 were very low for  an 8 per cent downhill gradient.
However, the actual readings recorded on the 8.6 per cent s i t e  in Kenya 
ranged from 35 ml/km to 51 ml/km for  speeds ranging from 30 km/h to 
110 km/h, which compared reasonably well  with the'estimates from the 
St. Lucia re la t ionship  using a quadratic term in f a l l .  The minimum 
fuel consumption recorded by the car on any test  section in Kenya was 
25 ml/km, which again compared well  with the predicted estimates from 
the St.  Lucia re la t ionship .
As indicated at  the beginning of th is  section, the estimates o f  
fuel consumption from the two Cortina models should be s im i la r  with  
differences in the range of 5 per cent.  The estimates from the two 
studies given in Table 9 .6  indicated larger  d i f ferences,  p a r t ic u la r l y  
on steep downhill gradients.  I t  has been shown that  the St .  Lucia 
re lat ionship  f i t t e d  the Kenya.data on these downhill gradients more 
accurately than the Kenya re la t ionsh ip .  Consequently the St.  Lucia 
re lat ionship  (equation 9.22) was considered the more accurate and 
appropriate estimator of car fuel consumption. In addit ion i t  was 
derived over a wider range of road geometry giving a bet ter  estimate 
of fuel consumption or, steep uphil l  sections. Despite the increase in
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the range of the var iab les ,  the var iables in equations 9.22 accounted 
fo r  95.3 per cent of the va r ia t io n  in fuel consumption, whereas the 
variables in the Kenya re lat ionship  (equation 9.20) explained 90.6 
per cent of the v a r ia t io n .
9 .3 .2  Light vehicle  fuel consumption
The vehic le  used in the Kenya fuel consumption experiments fo r  
representing the l ig h t  vehic le  class was a landrover with a 2.77m 
wheelbase and a 2.6 l i t r e ,  6 -cy l inder  petrol engine. Landrovers have 
an uncharacter is t ica l ly  high fuel consumption for  l ig h t  veh ic les ,  with  
f igures given in publications such as 'World Cars' being less than 15 mpg.
In the St.  Lucia study a two l i t r e  Ford t ra n s i t  van was used as 
the experimental vehic le .  The t ra n s i t  van is more typical than the 
landrover of the l ig h t  vehic le  class. Consequently i t  is not sensible  
to make d i re c t  comparisons of the fuel consumption of the l ig h t  veh ic le  
class from the two studies, as the two vehicles used were not techni­
cal ly s imi la r  .
The landrover in the Kenya study was operated in only an empty 
load condit ion, whereas the t ra n s i t  van in St. Lucia was operated in 
both an empty and loaded condit ion. The analysis of the Kenya data 
produced the following fuel estimating re lat ionship  for  the landrover.  
The symbols used are as given before.
FL = 7*1.7 + + 0.0131V2 + 2.906RS -  1 .277F   (9.23)
As the t ra n s i t  had been operated in two load condit ions, an 
accurate predictor  of i ts  fuel consumption had been established by
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using a cross product term of gross vehicle weight and r ise  (GVWxRS), 
in addit ion to a quadratic term in f a l l  (equation 8.25 in Chapter 8 ) .  
The fuel estimating re la t ionship  for  the t ra n s i t  is given below.
FL = 72.2 + + 0 .001t82V2 + 1.1l8(GVWxRS) -  1.183F + 0.00573F2
  (9.24)
Although a d i re c t  comparison between the results from the Kenya 
and St.  Lucia studies for  1 ight-vehicles-'was not possible,  estimates 
from the above two equations have been l is ted  in Table 9 . 7» which 
emphasised the differences in the fuel consumption of the two types of  
vehicles.  Estimates for  the t ra n s i t  were evaluated fo r  both the empty 
and loaded cond i t ions by substi tu t i  ng the va 1 ues of 1.61 and 2.60 tonnes 
as the respective GVW in equation S .2 b .  Equations 9.23 and 3 . 2 b  have 
been plotted in Figure 9.3 for speeds of  20 km/h, bO km/h and 80 km/h.
On posit ive  gradients the fuel consumption of the landrover in 
Kenya was consistently  higher than the fuel consumption of  the t r a n s i t  
in e i th e r  load condition in St. Lucia, although the estimates from the 
loaded t ra n s i t  were only s i ig h t l y  lower than the landrover est imates.  
However, the gross vehicle weight of  the 1androver was 1.705 tonnes 
which would produce fuel estimates s im i la r  to those for  the t r a n s i t  
empty (GVW -  1.60 tonnes) i f  the St. Lucia re lat ionship  was used to 
predict  the landrover fuel consumption.
On downhill gradients the quadratic term in f a l l  prevented 
negative or very low posit ive values of fuel consumption being pre­
dicted by the St.  Lucia re la t ionship ,  whereas the Kenya re la t io n s h ip ,  
i f  extrapolated to the extreme gradients encountered in St.  Lucia 
(14 per cent) ,  would predict  negative values of fuel consumption on
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TABLE 9 .7
Estimates o f  land rove r and t r a n s i t  fu e l  consumption from
Kenya and S t .  Lu c ia  s tu d ie s
Speed
(km/h)
Vehicle
type
Fuel consumption (ml/km)
Fal l (m/km) Flat Ri se (m/km)
80 60 40 20 0 20 40 60 80
Ldr 35 61 ■86 112 137 196 254 312 370
20 Tr-E 64 71 83 100 122 158 194 230 266
Tr-Ld 64 71 83 100 122 180 238 296 354
Ldr 23 48 74 99 125 183 241 299 357
30 Tr-E 50 58 70 87 108 144 180 216 252
Tr-Ld 50 58 70 87 108 166 224 283 341
Ldr 22 48 73 99 124 183 241 299 357
4o Tr-E 46 53 65 82 104 140 176 212 248
Tr-Ld 46 53 65 82 104 162 220 278 336
Ldr 28 54 79 105 130 189 247 305 363
50 Tr-E 45 53 65 82 103 139 175 211 247
Tr-Ld 45 53 65 82 103 161 220 278 336
Ldr 39 64 90 116 141 199 257 315 374
60 Tr-E 47 55 67 84 105 141 177 213 249
Tr-Ld 47 55 67 84 105 164 222 280 338
Ld r 53 79 104 130 155 213 272 330 388
70 Tr-E 51 59 71 88 109 145 181 217 253
Tr-Ld 51 59 71 88 109 168 226 284 342
Ldr 71 96 122 147 173 231 289 347 405
80 Tr-E 57 65 77 94 115 151 187 223 259
Tr-Ld 57 65 77 94 115 173 231 289 347
Ldr -  Kenya la n d ro ver
T r - E : -  S t .  Lucia t r a n s i t  (empty)
T r - L d : -  S t ,  Lucia t r a n s i t  ( loaded)
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downhill gradients steeper than 10 per cent. The low estimated fuel  
f igures for the landrover on an 8 per cent downhill gradient given in 
Table 9 .7  did not match the fuel consumption recorded on the test  s i t e  
with an 8.6 per cent gradient used in the Kenya study. At speeds of  
30 km/h, k0 km/h and 50 km/h, the predicted fuel consumption of  the 
landrover was 23 ml/km, 22 ml/km and 28 ml/km respect ive ly ,  whereas, 
the observed fuel consumption for  the same three speeds was 8A ml/km,
65 ml/km and 52 ml/km.
Equations 9.23 and 9.2*f should be regarded as two re lat ionships  
for  two d is t in c t  groups of vehicles in the l ig h t  vehicle  category. In 
using equation 9 . 23 , care must be taken in in terpret ing  the predicted  
fuel consumption for  a landrover on steep downhi11 grad ients , bearing in 
mind that i t  was established on gradients only up to 8.6 per cent.  The 
Kenya re lationship  described the fuel consumption of the landrover/  
rangerover type of veh ic le ,  whereas the St.  Lucia re la t ionship  des­
cribed the fuel consumption of the van/pickup type of veh ic le .
9 .3 .3  Truck fuel consumption
The vehicle used in the Kenya fuel consumption experiments was a 
Bedford truck with a 5.^ l i t r e  engine developing 107 brake horsepower, 
whereas the vehicle  used in the St. Lucia study was a Ford truck with  a 
6 l i t r e  engine developing 115 brake horsepower. Unlike the cars used 
in the two studies,  the trucks were from d i f f e r e n t  manufacturers. The 
object ive  of th is  comparison was to invest igate the accuracy of  the 
fuel estimating relationships derived from the two studies fo r  th is  type 
of veh ic le ,  and not to show whether one truck was more economical than
the other.  A comparison of these two trucks is given in Table 9 .8 .
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The analysis of the Kenya data produced the fol lowing r e la t io n ­
ship.
FL = 105.4 + + 0.0143V2 + 4.362RS -  1.834F -  2.40PW   (9.25)
where PW is the power to weight r a t io  measured in brake horsepower/ 
tonne and the rest  of the symbols used are as given before.
An analysis was conducted on the St.  Lucia data using only the 
variables found s ig n i f ic a n t  in the Kenya re lat ionship  (equation 9 *25 ) ,  
which resulted in the fol lowing re lat ionship  being derived.
FL = 51.4 + + 0.04157V2 + 5.446RS -  1.209F -7.02PW   (9.26)
There were several substantial  di fferences in the magnitude of the 
regression coe f f ic ien ts  between equations 9.25 and 9 .26 ,  but againa more 
meaningful comparison would be to compare the predicted values fo r  the 
two vehicles.
In the analysis of the St.  Lucia data,  a more accurate predictor  
of the fuel consumption of the truck was derived by using the cross 
product term of gross vehic le  weight and r ise  (GVWxRS) and a quadratic  
term in f a l l  (equation 8.43 in Chapter 8 ) .
This re lationship  is given below.
9991 9 9
FL = 29.1 + + 0.02033V + 0.848(GVWxRS) -  2.599F + 0.01320F
  (9 .27)
The estimates of fuel consumption from equations 9.25 and 9.27  
were compared for three load condit ions of  the truck. The PW and GVW 
of  the truck used in St.  Lucia in the empty, half - loaded and loaded 
condition were input into the two equations and the estimates given in
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Tables 9*9> 9.10 and 9.11 fo r  a range of speeds and gradients.  These 
two relationships were plotted for  the empty, half - loaded and loaded
condit ion of the truck in Figures 9 .^ ,  9 .5  and 9.6  respect ive ly  fo r
speeds of 20 km/h, km/h and 80 km/h.
For the empty load condit ion, the two sets of estimates of  fuel
consumption compared reasonably well  on pos it ive  gradients,  with  the 
Kenya estimates being lower than the St .  Lucia estimates on the shallow 
gradients but greater on the steep gradients.  The Kenya re la t ionsh ip  
predicted negative values fo r  downhill gradients of 5 per cent or  
grea te r ,  depending on the speed of the truck. The quadratic term in 
f a l l  in the St. Lucia re lationship  r e s t r ic te d . th e  'best f i t 1 l ine  
predicting negative values for  the major ity  of speeds.
For both the half - loaded and loaded condit ions, the estimates of  
fuel consumption from the two relationships on posit ive  gradients  
d i f fe red  considerably.  The St. Lucia estimates were over 30 per cent 
greater than the Kenya estimates on gradients of 8 per cent for  the 
ha I f- loaded condition and over 60 per cent greater  for  the loaded con­
d i t io n .  On downhill gradients the two sets of  estimates were r e l a t i v e l y  
compatible,  with the quadratic term in f a l l  in the St.  Lucia r e la t io n ­
ship again re s t r ic t in g  the number of negative values being predicted.
In general,  the fuel consumption estimates from the two studies  
compared reasonably well  for  f l a t  roads but as the gradient increased,  
the estimates diverged progressively,  with the St.  Lucia estimates  
exceeding the Kenya estimates by as much as 70 per cent for  the truck  
in a loaded condition.
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TABLE 9 .9
Comparison o f  t ru c k  (empty) fu e l  consumption es t im ates from
Kenya and S t .  Lucia s t u d ie s
Fuel consumption (ml /km)
Vehi c l e  
speed 
(km/h)
Locat ion
o f
study
F a l l (m/km) F l a t Rise [m/km)
80 60 40 20 0 20 40 60 80
20 Kenya <0 <0 15 51 88 175 262 350 437
St Lucia 25 40 65 102 148 217 285 353 422
30 Kenya <0 <0 7 43 80 167 254 342 429
St  Lucia <0 13 39 . 75 121 190 258 326 395
40 Kenya <0 <0 9 46 82 170 257 344 431
St Lucia <0 9 34 70 117 186 254 322 391
50 Kenya <0 <0 17 54 91 178 265 353 440
St  Lucia 1 16 42 78 124 193 261 329
oocnm
60 Kenya <0 <0 30 67 104 191 278 365 452
St Lucia 16 31 56 93 139 208 276 344 413
70 Kenya <0 10 47 83 120 207 295 382 469
St  Lucia 37 52 78 114 160 229 297 365 434
80 Kenya <0 30 66 103 140 227 314 402 489
St  Lucia 64 79 104 140 187 255 324 392 460
GVW:- 4.03 tonnes PW:- 28.5:1
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TABLE 9.10
Comparison o f  t ru c k  (h a l f - lo a d e d )  fu e l  consumption es t im ates from
Kenya and S t .  Lucia s t u d ie s
Fuel consumption (ml/km)
Vehi c l e  
speed 
(km/h)
L ocat io n
o f
study
F a l l (m/km) F l a t Rise (m/km)
80 60 40 20 0 20 40 60 80
20 Kenya 
St Lucia
<0
25
7
40
44
65
80
102
117
148
204
268
291
387
379
506
466
625
30 Kenya <0 <0 36 72 109 196 283 371 458
St Lucia <0 13 39 75 121 241 360 479 598
4o Kenya <0 1 38 75 111 199 286 373 460
St Lucia <0 9 34 70 117 236 356 475 594
50 Kenya <0 10 46 83 120 207 294 382 469
St Lucia 1 16 42 78 124 244 363 482 601
60 Kenya <0 23 59 96 133 220 307 394 482
St Lucia 16 31 56 93 139 259 378 497 616
70 Kenya 2 39 76 112 149 236 323 411 498
St Lucia 37 52 78 114 160 280 399 518 637
80 Kenya 22 59 95 132 169 256 343 431 518
St Lucia 6 it 79 104 140 187 306 425 545 664
GVW:- 7.03 tonnes PW:- 16.4:1
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TABLE 9.11
Comparison o f  t ru c k  (loaded) fu e l  consumption es t im ates from
Kenya and S t. Lucia s tud ie s
Fuel consumption (ml/km)
Vehicle
speed
(km/h)
Location
of
study
Fall (m/km)
; . 
F la t Ri se [m/km)
80 60 40 20 0 20 40 60 80
20 Kenya <0 19 55 92 129 216 303 390 478
St Lucia <0 40 65 102 148 318 488 659 829
3°
Kenya <0 11 47 84 121 208 295 382 470
St Lucia <0 13 39 75 121 292 462 632 802
40 Kenya <0 13 50 87 123 210 298 385 472
St Lucia <0 9 34 • 70 117 287 457 627 798
50 Kenya <0 22 58 95 132 219 306 393
481
St Lucia 1 16 42 78 124 294 465 635 805
60 Kenya <0 34 71 108 144 232 319 406 493
St Lucia 16 31 56 93 139 309 480 650 820
70 Kenya ■14 51 87 124 161 248 335 422 510
St Lucia 37 52 78 114 160 331 501 671 841
80 Kenya 34 71 107 144 181 268 355 442 530
St Lucia 64 79 ,1 04 140 187 357 527 697 867
GVW:- 10.03 tonnes PW:- 11.5:1
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Fig.9.4 Comparison of empty truck fuel consumption estimates from 
Kenya and St. Lucia studies
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Fig.9.5 Comparison of half loaded truck fuel consumption estimates from 
Kenya and St. Lucia studies
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Fig.9.6 Comparison of loaded truck fuel consumption estimates from 
Kenya and St. Lucia studies
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The two trucks used in the Kenya and St.  Lucia studies were 
s im i la r ,  as shown in Table 9 .8 ,  and yet produced very d i f f e r e n t  
estimates of fuel consumption on gradients of 6 to 8 per cent, p a r t ic ­
u la r ly  when the truck was operated in a loaded condit ion. Consequently 
an invest igat ion was undertaken to see how well the estimates given by 
the Kenya re lat ionship  compared with the observed fuel consumption of  
the Kenya truck in a loaded condition on the steep uphil l  gradients.
The Kenya test  s i tes  with steep gradients consisted of one s i t e  
with an 8.6 per cent gradient ,  four s i tes with gradients between 6 per 
cent and 6.3 per cent,  and s ix  s ites with gradients between 5 per cent 
and 5*9 per cent.  The Bedford truck, in a loaded condit ion, was 
operated on only four of these eleven s i te s ;  one of the 6 per cent 
gradients and three of the 5 per cent gradients.
The observed fuel consumption on these four s i tes  have been given 
in Table 9 .12 ,  together with the estimated fuel consumption from the 
Kenya re lationship  (equation 9.25) and the St. Lucia re la t ionship  
(equation 9.27) using the PW and GVW values of the Bedford truck (loaded) 
given in Table 9 .8 .
The f igures in Table 9.12 showed that the Kenya re la t ionsh ip  
underestimated the fuel consumption observed on the four tes t  s i tes  
in Kenya by as much as 40 per cent.  The St. Lucia re la t ionsh ip ,  
applied to the Kenya data,  gave estimates that were much closer to the 
observed Kenya values, even though this re la t ionship  was derived using 
a d i f f e r e n t  make of truck. These results indicated that the l inear  
increase in fuel consumption using the two separate var iables RS and PW 
in the Kenya re lat ionship  tended to underestimate the truck fuel
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consumption at  high gradients and low power to weight ra t ios ,  whereas 
the use of var iab le  (GVWxRS) in the St.  Lucia re lat ionship  produced 
much more r e a l i s t i c  estimates of fuel consumption.
TABLE 9.12
Comparison of  observed and predicted fuel consumptions of  the 
Bedford truck used in the Kenya study
Test 
Si te 
No.
Ri se 
(m/km)
Speed
(km/h)
Fuel consumption (ml/km)
Observed
Pred i cted
Kenya 
Equ- 9.25
St. Lucia 
Equ- 9.27
NB3 51.5 20 500 350 516
30 580 343 489
0B4 52.6 20 500 355 524
30 563 347 497
NB8 54.3 20 511' 363 536
30 592 355 509
P4 63.2 20 580 401 600
30 660 394 573
GVW:- 8.42 tonnes P W : - 12.7:1 bhp/tonne
Conversely, th is  underestimation of  fuel consumption by using the 
two variables RS and PW was substantiated by examining the equivalent  
re lationship  derived for  the St. Lucia data (equation 9*26) .  The 
co e f f ic ien t  of the PW var iab le  in this equation was -7*02 ,  ind icat ing  
that by reducing the PW from 28.5 bhp/tonne for  the St. Lucia truck in 
an empty condit ion to 11.5 bhp/tonne in a loaded condit ion, the fuel  
consumption was increased by 119 ml/km for  constant values o f  speed 
and gradient.  However, the differences in fuel consumption between 
these two load conditions on posit ive  gradients of  8 per cent was
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estimated to be over 400 ml/km by equation 9.27  using the var iab le  
(GVWxRS), which had been shown to f i t  accurately the data from St.  Lucia 
fo r  a l l  load conditions in the fuel consumption analysis in Chapter 8.
The greater accuracy achieved by using the var iab le  (GVWxRS)
2instead of the var iables RS and PW was also emphasised by the R values 
of the regression equations, which indicated the percentage of  va r ia t ion  
in fuel consumption accounted for  by the var iables in the equation.
The variables in equation 9.27  (using GVWxRS) accounted fo r  96 per cent 
of the var ia t ion  in the fuel consumption of the truck in St.  Lucia,  
whereas the variables in equation 9.26 (replacing GVWxRS with RS and 
PW) explained only 86 per cent of the v a r ia t io n  fo r  the same data.  I t  
is inte resting to note that  the variables in the Kenya re la t ionsh ip  
(equation 9 * 25) accounted fo r  87 per cent of the va r ia t ion  in the 
Kenya data, which was very s imilar  to the percentage given by the 
St. Lucia equation also using the PW var iab le .
Thus the St. Lucia re lat ionship  provided a be t te r  est imator of  
the fuel consumption o f  a truck than the Kenya re la t ionsh ip  by using 
a quadratic function of the var iab le  f a l l  fo r  downhill gradients and 
the var iab le  (GVWxRS) on uphil l  gradients.
9*3 .4  India fuel consumption relat ionships
The fuel consumption relat ionships derived in the India study
have been given in Chapter 2 fo r  two cars, a jeep and two trucks
(equations 2.47 to 2 .51 ) .  The re la t ionship  fo r  the Ambassador car
(equation 2.47) was compared with the re la tionships from Kenya (equation
9.20) and St. Lucia (equation 9 .2 2 ) .  As the fuel consumption experiments
in India were .conducted on gradients up to 5 per cent only,  estimates
from these three equations are given in Table 9*13 fo r  a car t r a v e l l i n g
at  50 km/h on f l a t  and 5 per cent gradients.
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TABLE 9.13
Car fu e l  consumption est im ates from the In d ia ,  Kenya and
St. Lucia studies
Fuel consumption [ml/km) .
Location 5 per cent 
Downh i 11
Flat 5 per cent 
Uphill
India 26 77 1*7
Kenya 35 79 158
St. Lucia 38 63 129
The f igures in Table 9*13 indicated that the fuel estimating  
equations for  cars from the three VOC studies gave approximately the 
same rates of consumption. However, the use of the l inear  function of  
the var iab le  f a l l  in the India and Kenya re la tionships produced negative  
estimates of fuel consumption on downhill gradients i f  the equations 
were applied to gradients steeper than 7 per cent fo r  India and 9 per 
cent for  Kenya.
The jeep used in the india study was diesel-powered, thus i t  was 
not appropriate to compare the estimates of fuel consumption from this  
vehic le  with e i th e r  the estimates from the landrover or t r a n s i t  van 
used in the Kenya and St.  Lucia studies.
The Tata truck used in the India study was s im i la r  to the two 
trucks used in the Kenya and St. Lucia studies, thus the 
estimating re la t ionship  for  th is veh ic le  (equation 2.50) was compared 
with the truck relationships from Kenya (equation 9*25) and St.  Lucia 
(equation 9*27) .  The Tata truck had a power of 112 bhp (85.3 kw) and 
weighed 6.12 tonnes in an empty condit ion. Subst itut ing these values 
into the three fuel estimating re lationships fo r  trucks gives the rates
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of fuel consumption shown in Table 9.14 fo r  a truck t ra v e l l in g  at  
40 km/h on a f l a t  road and a 5 per cent gradient.
TABLE 9.1^
Truck fuel consumption estimates from the India,  Kenya and
St.  Lucia studies
Fuel consumption [ml/km)
Location 5 per cent 
Downh i l l
F la t 5 per cent 
Uphi11
India 40 129 295
Kenya 15 107 325
St. Lucia 20 117 377
These estimates compared reasonably w e l l ,  considering the 
d i f f e r e n t  trucks used to establ ish each re lat ionship .  However, as in 
the car fuel consumption, the use of the l inear  function of  f a l l  in 
the India and Kenya relationships produced negative estimates o f  fuel  
consumption on downhill gradients for  gradients steeper than 7 per cent, 
whereas the quadratic function of f a l l  used in the St. Lucia r e l a t i o n ­
ship tended to r e s t r ic t  negative estimates being predicted. I t  is 
noticeable that the St. Lucia estimates increased more rap id ly  than 
the others on uphil l  gradients,  being 25 per cent higher than the India  
estimates on a 5 per cent gradient.
A larger di fference however, existed between the estimates for  the 
f u l l y  loaded truck. The India re la t ionship  predicted an increase of  
42 ml/km for  the truck loaded (GVW= 12.18 tonnes) compared with the 
truck empty. The Kenya re lat ionship  predicted an increase of 22 ml/km 
between the two load condit ions, but the'-St. Lucia re la t ionsh ip  pre­
dicted an increase of 257 ml/km between the two load condit ions on a
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5 per cent uph i l l  gradient .  As shown in the previous section the 
use o f  the var iable  (GVWxRS) in the St . -Lucia  equation was a fa r  
b e t te r  predictor  of  fuel consumption on uphil l  gradients than the 
two var iab les ,  RS and PW, used in the Kenya and India re lat ionships .
Thus the fuel consumption estimating relationships derived from 
the India study appeared to have s im i la r  l im i ta t ions  to those derived 
In the Kenya study, in that they were applicable  to gradients only up 
to 5 per cent. On downhill gradients that  are much steeper than 5 per 
cent,  the relationships.tended to predict  very low or negative estimates of  
fuel consumption. On uphil l  gradients the use of the var iables RS and 
PW tended to underestimate the rate  of fuel consumption of  trucks.
S .A Cone 1 us ions
In th is  chapter,  both the vehicle speed and fuel consumption est imating  
relationships derived from the St.  Lucia study have been compared with  
the equivalent relationships established in the Kenya and India studies.
A comparison of  the vehicle speed estimating re la tionships showed 
large differences in speed between the two environments of  Kenya and 
St. Lucia for  a l l  classes of vehic le .  These di fferences were examined 
in de ta i l  and a t t r ibu ted  to the d i f f e r e n t  environments in which the two 
studies were located. A series of speed/environment re lat ionships was 
suggested, distinguished by v e h ic le /d r iv e r  character is t ics  and defined 
by the average 1free-speed' in each p a r t ic u la r  environment, with  the 
e f fe c t  of road geometry varying between environments.
A method was evolved that made use of the vehicle  speed estimating  
relationships from the two studies, fo r  estimating vehic le  speeds in an 
environment between these two studies. A l inear  in te rpo la t ion  technique 
was appl ied to the two sets of  relat ionships and a single speed est imating
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r e l a t i o n s h i p  was d e r iv e d  f o r  each c lass  o f  v e h i c l e ,  which in c o r p o ra te d  the  
' f r e e - s p e e d ' o f  the v e h i c l e  c la s s  in  th e  environment under i n v e s t i g a t i o n .
The In d ia  r e l a t i o n s h i p s  could not  be used in the  i n t e r p o l a t i o n  
techn iq ue  as they  were not  com pat ib le  w i t h  those from Kenya and S t .  Lucia.  
They p r e d ic t e d  low speeds which suggested t h a t  these e q u a t io n s  a r e  more 
a p p l i c a b l e  to  environments in which t h e r e  is a m ix tu r e  o f  both s low and 
f a s t  moving t r a f f i c .
A comparison o f  the v e h i c l e  f u e l  consumption e s t i m a t i n g  r e l a t i o n ­
ships showed t h a t  the  S t .  Luc ia  s tudy prov ided  improved f u e l  e s t i m a t i n g  
r e l a t i o n s h i p s .  The Kenya and In d ia  r e l a t i o n s h i p s  were d e r i v e d  on t e s t  
s i t e s  w i t h  r e l a t i v e l y  small  ranges o f  g r a d i e n t  compared w i t h  the  
St .  Lucia t e s t  s i t e s ,  consequently l i m i t i n g  the  scope and accurac y  o f  
the es t im a te s  o f  f u e l  consumption.
The Kenya and In d ia  r e l a t i o n s h i p s  tended to  p r e d i c t  v e r y  low o r  
n e g a t iv e  va lu es  o f  f u e l  consumption on steep  downhi l l  g r a d i e n t s ,  but  
the  use o f  a q u a d r a t i c  term in f a l l  in  the S t .  Lucia r e l a t i o n s h i p s  
r e s t r i c t e d  t h i s  tendency.  On s teep  u p h i l l  g r a d ie n t s  the use o f  th e  
v a r i a b l e  (GVWxRS) in the S t .  Lucia equat ions  was shown to  be a more 
a c c u r a t e  p r e d i c t o r  o f  the f u e l  consumption o f  t ruc ks  than th e  use o f  
th e  power to w e ig h t  r a t i o  v a r i a b l e  used in  the  Kenya and In d ia  
r e l a t i o n s h i p s .
I t  was not  p o s s ib le  to compare d i r e c t l y  the f u e l  consumption  
e s t i m a t i n g  r e l a t i o n s h i p s  f o r  l i g h t  v e h i c l e s ,  as a l a n d r o v e r ,  d i e s e l  
j e e p  and t r a n s i t  van had been used to  re p r e s e n t  t h i s  c la s s  o f  v e h i c l e  
in the  th re e  VOC s t u d i e s .  However, the da ta  from the t r a n s i t  van in  
S t .  Lucia had been analysed using the v a r i a b l e  (GVWxRS) enabl  ing a c c u r a t e  
f u e l  es t im a tes  to  be e v a lu a te d  f o r  a range o f  loads f o r  the v a n /p ic k u p  type  
o f  vehi  c l e .
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10. APPLICATION OF THE ST. LUCIA VOC RELATIONSHIPS
10.1 Introduction
I t  has been pointed out in th is thesis that  vehicle operating  
costs make up the g rea te r 'par t  of the to ta l  transport cost,  often
78accounting for  as much as 80 per cent of  the to ta l  transport cost ; 
the other components being road construction costs and road maintenance 
costs. Results from VOC studies pr ior  to the Caribbean study have been 
shown to be l imited in th e i r  scope, accuracy, and a p p l ic a b i1i ty  to 
other environments.
This chapter describes how the research in this thesis has been
12incorporated into the new TRRL Road Investment Model (RTIM2). , 
enabling the VOC relationships to be applied to other environments in 
developing countries for use in road appraisal studies.
10.2 The TRRL Road Investment Model
The results of the Kenya study were used to ca l ib ra te  a prototype
8 9version of  a computer model ( RTIM) , which was designed to aid invest­
ment decisions w ith in  the roads sector in developing countries . The 
model calculated the construction cost of  a road and predicted the 
condition of  the road as time passed and vehicles t rave l led  over i t .  
Having predicted the condition of  the road, the model estimated the 
cost of road maintenance and the cost of operation of the vehicles for  
each year. Al l  these costs were then di scounted back to the base year and 
summed over the l i f e  of  the road to obtain the to ta l  cost.  A l l  estimates 
were made in terms of physical quant i t ies  and costs were obtained by 
applying uni t  rates to these quant i t ies .
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This  p r o t o t y p e  was te s t e d  e x t e n s i v e l y  f o r  the a p p r a i s a l  o f  road 
p r o j e c t s  in d e ve lo p in g  c o u n t r i e s  and as a r e s u l t  o f  t h i s  e x p e r i e n c e ,  the  
model was reprogrammed to  make i t  e a s i e r  to  use and to  f i t  onto s m a l l e r  
computers.  The o p p o r t u n i t y  was a l s o  taken to  in c lu d e  the  r e s u l t s  o f  the  
Caribbean VOC study in the new model (RTIM2).
The r e l a t i o n s h i p s  b u i l t  i n t o  the mouel a l l o w  i t  to  be used to  study  
the i n t e r r e l a t i o n s h i p s  between road design and c o n s t r u c t i o n  s ta n d a r d ,  
road maintenance p o l i c y ,  v e h i c l e  c h a r a c t e r i s t i c s ,  t r a f f i c  f l o w  and 
growth r a t e s ,  en v i ronm ent ,  and road d e t e r i o r a t i o n .  The model can be 
used to  study v a r io u s  aspects  o f  a road investment p r o j e c t  such as the  
optimum maintenance standards f o r  the  road,  th e  e f f e c t s  o f  p r o v i d in g  an 
e a r t h ,  g ra v e l  o r  bi tuminous pavement, o r  the d i f f e r i n g  b e n e f i t s  t h a t  
can be ob ta ined  by adopting  va r io u s  s tage  c o n s t r u c t io n  o p t i o n s .  The 
model a ls o  a l lo w s  the p la n ne r  to  study the consequences o f  u n c e r t a i n t i e s  
in t r a f f i c  f o r e c a s t s  or  in the d iscount  r a t e .
The format  o f  the v e h i c l e  speed and f u e l  consumption r e l a t i o n s h i p s  
used in the RTIM2 model a r e  discussed in the  f o l l o w i n g  s e c t io n s  o f  t h i s  
c h a p te r .
1 0 .2 .1  V e h i c l e  speed r e l a t i o n s h i p s
In the p r o to ty p e  model,  the speed e s t i m a t i n g  r e l a t i o n s h i p s  d e r i v e d  
from the Kenya study were used,  where s e p a r a t e  r e l a t i o n s h i p s  had been 
d e r iv e d  f o r  d i f f e r e n t  c lasses  o f  v e h i c l e  on paved and unpaved roads.
The a n a l y s i s  o f  the  S t .  Lucia speed data produced speed e s t i m a t i n g  
r e l a t i o n s h i p s  f o r  c a r s ,  l i g h t  v e h i c l e s ,  and t ru c ks  on paved roads o n l y ,  
which were o f  a d i f f e r e n t  o rd e r  o f  magnitude to  those e s t a b l i s h e d  in the  
Kenya study (see Chapter  9 ) .  Consequently an i n t e r p o l a t i o n  method was 
devised f o r  e s t i m a t in g  v e h i c l e  speeds on paved roads in envi ronments
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ly in g  between the two extremes encountered in  Kenya and S t. Luc ia .
These vehicle  speed estimating re lat ionships ,  given in Chapter 9 
as equations 9 .17 ,  9*18 and 9-19> did not include e i th er  the roughness 
or the road width parameter. In the Kenya study the e f fe c t  of  road 
surface roughness on vehicle  speed fo r  surfaced roads could not be 
isolated dua to the small range of  roughness encountered on these 
roads, but with the larger  range of  surface roughness encountered in 
St. Lucia the e f fe c t  had been successfully isolated.  Consequently i t  
was not possible to provide an interpola t ing  formula for  roughness. 
However, as the e f fe c t  of roughness on vehic le  speed was r e l a t i v e l y  
small and should not a l t e r  substant ia l ly  between d i f f e r e n t  physical  
environmental condit ions, the coe f f ic ien ts  derived in the St.  Lucia 
study were included in the general re lationships used in RTIM2.
The e f fe c t  of road width on vehicle  speeds was discussed in 
d e ta i l  in Chapter 7 and shown to p a r t ic u la r ly  a f fe c t  speeds on roads 
that were less than 5.0 metres wide. I t  was not possible to establ ish  
speed reduction factors for  roads that were less than 5.0 metres wide 
in St. Lucia because of the r e la t i v e ly  few tes t  s i tes with road widths 
in th is range. However, speed reduction factors for  roads less than 
5.0 metres wide were used in RTIM2, which were established from the 
coeff ic ien ts  of width from the simple l inear  regression analysis of  
speed against width for a l l  test  s i tes (equations 7.16,  7*^6 and 7.75  
for  cars, l ig h t  vehicles and trucks respect ive ly ) .
Although these reduction factors were s t a t i s t i c a l l y  incorrect as 
they had been derived from a l l  road widths, they were included in 
RTIM2 since they were s im i la r  to the reduction factors that  had been 
used in the prototype model (RTIM) and did not su b stan t ia l ly  reduce
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vehicle  speeds. As the speed relationships were derived fo r  roads that  
had a minimum width of  A.3 metres, the maximum reduction in speed
9
predicted by the factors was less than 6 km/h.
Thus the vehicle speed estimating re lationships for  paved rural  
roads in developing countries incorporated into RTIM2 were as fo l lo w s : -
Cars
V = S ' + (0.483 -  0.00833S )RS + ( -0 ,025 -  0.00050Sc)F
+ (0. 115 -  0.00220S )C -  0.00087R  . . .  (10.1)c
For roads < 5.0 metres wide, AV=-8.5 ( 5 . 0-W)
Light vehicles
V = SL + (0.763 " 0 .01359Sl )RS + ( -0 .082 -  0.00036Sl )F
. -J- (0.087 -  0.00185SL)C -  0.00066R . . . . . . .  (10.2)
For roads < 5.0 metres wide, AV=-7.0 (5.0-W)
Trucks
V = 49.0 + (1.429 -  0.02860ST)RS + ( -0 .867 +. 0.01318St )F
+ (0. 177-0 .00346St )C + ( -1 .900 + 0 . 04346ST)PW- 0.00106R . .  (10.3)  
For roads < 5.0 metres wide, AV=-6. 3 (5.0-W)
where Sc = observed ' free-speed'  of  passenger cars in km/h
= observed ' free-speed'  of l ig h t  vehicles in km/h
S.J. = observed ' free-speed' of  trucks in km/h
RS = r ise in m/km
F = f a l 1 in m/km
C = curvature in degrees/km 
R = roughness in mm/km
PW = power to weight ra t io  in brake horsepower/tonne 
W = road width in metres 
V = speed in km/h
AV = reduction in speed in km/h when the road is less than 5*0 
metres wide.
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In order to provide a comprehensive set of  vehicle  speed r e la t io n ­
ships sui table  fo r  inclusion in RTIM2, i t  was necessary to derive a set  
of  equations for  unpaved roads s im i la r  to those given for  paved roads.
I t  was considered that a consistent approach would be to estimate  
a set of 1free-speeds1 fo r  unpaved roads fo r  the St. Lucia environment 
and use th'sse 1free-speeds1 in the in terpo la t ion  formula given in 
equation 9«7 in Chapter 9 to ca lculate  sui table  coe f f ic ien ts  for  unpaved 
roads. This would produce a set o f  speed estimating equations fo r  un­
paved roads for use in any envi ronment as had been achieved for  paved roads.
In order to estimate the *free-speeds* for  the three classes of  
vehic le  for  unpaved roads for the St. Lucia environment, i t  was i n i t i a l l y  
necessary to estimate the ' f ree-speed1 of cars for  unpaved roads 
by modifying the observed ' 1free-speed1 on paved roads.
This was calculated as fo l low s: -
St. Lucia unpaved = Kenya unpaved x ‘ Ke'nya^pa'ved' '^ * ’ *
Having estimated the ' free-speed* of cars fo r  unpaved roads, the 
speeds for  1ight 'vehic les  and trucks were calculated using the observed 
rat ios of  cars to the other two classes of  vehicle  fo r  paved roads in
St. Lucia. These estimated ' free-speeds' fo r  unpaved roads are given in
Table 10.1,  together with the coe f f ic ien ts  for  r ise ,  f a l l  and curvature  
estimated using the rat ios given by equation 10.^.
The regression coe f f ic ien ts  of  the speed estimating re lat ionships  
on unpaved roads established from the Kenya study are also given in 
Table 10.1. These relationships included the var iab les ,  roughness, 
moisture content and rut depth in addit ion to r is e ,  f a l l  and curvature.
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TABLE 10.1
Estimated regression coef f ic ien ts  fo r  vehicle speeds for  unpaved roads 
fo r  the Kenya and St.  Lucia environments
Veh ic le  
type
•— ....... n
Envi ron- 
ment
.. ■' ■;"" " •
Regression coe f f ic ien ts
Constant Ri se Fall Curv­ature
Rough­
ness Moi sture
Rut
depth
Cars Kenya St Lucia
84.2
54.7
-0.210
-0.041
-0.070
-0.053
-0.118
-0.034
-0.00089 -0 .13 -0 .19
Light
vehicles
Kenya 
St Lucia
81.2
50.9
-0.317
-0.061
-0.059
-0.070
-0.097
-0.037
-0.00095 -0 .29 -0 .20
Trucks Kenya St Lucia
69.3
47.1
-0.433
-0.178
+0.004
-0.015
-0.061
-0 .022
-0.00060 -0 .2 2 -0 .27
In the case of roughness, moisture content and rut  depth, the c o e f f i ­
cients obtained from the Kenya study fo r  unpaved roads were considered 
to be acceptable for  the St. Lucia environment as no other results  
were ava i lab le  and the magnitude of  th e i r  e f fec ts  was r e l a t i v e l y  small.
In Chapter 12, the author has suggested that  future  vehic le  speed 
studies on unpaved roads should measure the roughness, moisture content  
and rut depth of the roads, so that an in terpola t ion  formula can be 
established for each of these three parameters. This would also enable 
1free-speeds1 to be monitored instead of estimated fo r  an environment 
such as St. Lucia.
In the Kenya study the power to weight r a t io  derived fo r  paved 
roads had been applied to the re lat ionship  for  trucks on unpaved roads. 
The term 1.114PW-20.1,  which had been applied to the constant term for  
paved roads, was added to the constant term of 69.3 for  unpaved roads 
to produce the composite function 49.2+1.114PW.
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In the St. Lucia study the term that  had been added to the con­
stant  for  paved roads was 0.530PW-7.5 (see equation 9.11 in Chapter 9)
S im i la r ly  the constant term of  47.1 fo r  unpaved roads in St. Lucia 
could be represented by the composite function of  39.6 + 0.530PW.
Thus the two modified expressions for  unpaved roads were:
69.3 « 49.2  + 1 .1 14PW (Kenya) ..............  (10.5)
47.1 = 39.6 + 0.530PW (St .  Lucia) _____ _ (10.6)
As in the case for  paved roads, the constant term of  the two 
composite functions in equations 10.5 and 10.6 could be set equal to 
a common value of  45.0 ,  with su i tab le  adjustments to the c o e f f ic ie n t  
of the power to weight r a t io  to leave the or ig ina l  constant terms of
69.3 and 47. 1 unaltered.
The following adjustments could be msde to the c o e f f ic ie n ts :
Kenya (69 .3 -49 .2 )  1.114
(69 .3 -45 .0 )  Zk
Zk = 1.347 . . . . . . .  (10.7)
St.  Lucia (47 .1 -39 .6 )  _ 0.530
(1(7.1-95.0) Zs
Z = 0.148    (10.8)s
where Z, and Z are the modified coe f f ic ien ts  for  the var iab le  power
K S
to weight ra t io  for  Kenya and St. Lucia respect ively for  unpaved roads
The f in a l  modified expressions are then:
69.3 = 45.0 + 1.347PW (Kenya)............................... .............. (10.9)
47.1 = 45.0 + 0.148PW (St.  Lucia)   (10.10)
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Thus using the in terpola t ion  formula given in Chapter 9 (equation 
9 . 7 ) ,  the new regression c o e f f ic ie n t  fo r  the power to weight r a t io  can 
be evaluated fo r  any environment where the ' f ree -speed1 of  trucks on 
unpaved roads l ies  between 69.3 km/h and *7.1 km/h as fol lows:
'(ST- 6 9 . 3 ) ( 1 . 3 * 7 - 0 . 1 W .
Q = 1.3*7 + — --------------------------------
(69 . '3 - *7 .D
Q. = - 2 .  396 +  0 .05 ^ 0 1      ( 1 0 . 1 1 )
Using the same in terpola t ion  formula, the new regression c o e f f i ­
cients for the var iab les ,  r is e ,  f a l l  and curvature fo r  each vehicle  
class can be evaluated, result ing in the fol lowing re lat ionships being 
included in RT1H2 for  estimating vehicle  speeds on unpaved roads:-
Cars
V = S + (0 .2 7 2 -0 .00573S )RS+( -0 .021 -0 .00058S )Fc c c
+ ( 0 . 1 2 2 - 0 . 00285s ) C-0.00089R-0.1 3M-0. 19RD . . . ____ ( 1 0 . 1 2 )c
For roads <5.0 metres wide, AV=-8.5(5.0-W)
Light vehicles
V = SL + (0 .3 6 9 -0 .008*5Sl )RS+(-0 .088+0.00036S )F
+ (0 .0 6 4 -0 .001'98Sl )C-0.00095R-0.29M-0.20RD  . (10.13)
For roads <5.0 metres wide, AV=-7.0( 5 . 0-W)
Trucks
V = *5 .0  + (0 .3 6 3 -0 .011*9ST)RS+(-b .055+0.00086ST)F 
+ (0 .061 -0 .00176St ) C + ( - 2 . 396+0.05*01ST)PW
-0.00060R -0.22M -0.27RD   (10 .1* )
For roads <5.0 metres wide, AV= - 6 . 3 ( 5 . 0-W)
where M = moisture content measured as a percentage 
RD = rut depth measured in mm 
and the other symbols are as stated before. •
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In the RTIM2 model, vehicle  speeds are calculated separately fo r  
d i f f e r e n t  directions and fo r  each h a l f  per cent increment in road 
gradient .  On unpaved roads, speeds are also calculated separately in 
the wet and dry seasons.
The relationships incorporated into the model for  estimating  
vehicle  speeds on paved roads (equations 10.1, 10.2 and 10.3) and 
unpaved roads (equations 10.12, 10.13 and 10.1*0,  provide a more 
comprehensive set of speed estimating relationships than had been 
previously ava i lab le  in the prototype model (RTIM). However, the 
a p p l ic a b i1i ty  of  these relationships to other environments, p a r t ic u la r l y  
in the case of unpaved roads, could be fu r the r  improved by fu ture  speed 
surveys, as discussed by the author in Chapter 12.
10.2.2 Fuel consumption relationships
The comparison of  the fuel consumption relationships established  
from the Kenya and St.  Lucia studies in Chapter 9 showed that the 
St. Lucia relationships were the more accurate and covered a much wider  
range of  road character is t ics .  As the f ' e l d  experiments were conducted 
at  controlled speeds, the equations derived from the analyses related  
to vehicle fuel consumption estimates at  a steady speed. In pract ice  
vehicles do not travel at  steady uninterrupted speeds and are subject  
to speed changes result ing from interact ion with other vehic les.  On 
low-volume rural roads, however, vehicles in te rac t  infrequent ly  
result ing in the fuel consumption not being great ly  a f fected .
In the Kenya study, tests had been conducted on the e f fe c t  of  
speed change cycles on fuel consumption. The results indicated that  
for  a speed change cycle in which speed was reduced by 15 km/h, fuel  
consumption increased by an average of  8 per cent for  l ig h t  vehicles
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and 13 per cent for  heavy vehicles. In Kenya, single speed change 
cycles of this magnitude were observed to occur about once per k i l o ­
metre on l i g h t l y - t r a f f i c k e d  rural roads. The continuously changing 
road alignment in St.  Lucia prohibited the e f fe c t  of speed change 
cycles being isolated from the e f fec ts  of  the road character is t ics .  
Consequently the Kenya f indings of increases o f  8 per cent fo r  cars 
and 1ight veh ic les , and 13 per cent fo r  trucks were applied to the 
St. Lucia relat ionships and incorporated into RTIM2.
These f in a l  fuel consumption estimating relat ionships fo r  the 
three vehicle classes are given below with the factors o f  1.08 and 1.13 
included to give fuel consumption estimates fo r  normal operating con­
d i t ions on rural roads in developing countries.
Cars
FL = (24+ ^ 2 - +  0.0076V2 + 1 .3 3 R S -0 .6 3 F +  0.0029F2) x 1.08 . . . ___  (10.15)
Light vehicles
FL = (72+ ^ + 0 . 0 0 4 8 V 2 +1.118(GVWx RS)-1.18F+0.0057F2) x 1.08 . .  (10.16)  
Trucks
FL = (29 + -^—1 +  0.0203V2 + 0.848(GVWxRS)-2.60F+0. 0132F2)x1 .13 . . .  (10.17)
where FL is the fuel consumption measured in ml/km 
V is the speed measured in km/h 
RS is the rise measured in m/km 
F is the f a l l  measured in m/km 
GVWis the gross vehicle weight measured in tonnes.
In the Kenya study, fuel consumption re la tionships had been 
derived for both paved and unpaved roads. Although the estimates from 
the two sets of relationships d i f f e r e d ,  the di fferences were generally  
less than 10 per cent. In the St. Lucia study, fuel consumption 
re lationships had been derived only for  paved roads. However, as the
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Kenya relat ionships for paved roads had been shown to underestimate 
fuel consumption by as much as 50 per cent (see Chapter 9 ) ,  the 
St. Lucia relationships (equations 10.15, 10,16 and 10.17) were used 
in RTIM2 as the fuel estimating equations for  unpaved roads.
In the RTIM2 model, fuel consumption is calculated fo r  each h a l f  
per cent increment in road gradient and fo r  the two direct ions of  
travel in order to provide the mean value for  each class of  vehic le .
10.3 Summary
The results of the St. Lucia vehic le  performance study have been 
incorporated into the RTI M2 computer model, used in road appraisal  
stud ies , to  improve the a p p l i c a b i l i t y ,  scope and accuracy of  the model 
in estimating vehicle speed and fuel consumption for  a wide range of  
environments. As the St. Lucia study had been conducted only on paved 
roads, i t  was necessary to made a decision on the adequacy of  the , 
relationships in the model fo r  unpaved roads, which had been established  
in the Kenya study.
On paved roads, the vehicle  speed estimates from the Kenya and 
St. Lucia studies had been shown to be of a d i f f e r e n t  order of magnitude. 
Consequently an improvised method was used, incorporating both these 
resul ts ,  to derive relationships for  estimating vehic le  speeds on un­
paved roads in any environment which were more appropriate than the 
Kenya re lationships for unpaved roads.
The St. Lucia fuel consumption re lationships had been shown to be 
more appropriate and accurate than the Kenya re lationships on paved 
roads. The Kenya study had shown that there was l i t t l e  d i f ference  
between fuel consumption estimates on paved and unpaved roads.
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Consequently the St. Lucia relat ionships established on paved roads 
were used in RTIM2 as fuel estimating equations for  unpaved. roads, in 
preference to the Kenya relat ionships for  unpaved roads. These 
re lationships included factors of 1.08 for  cars and l ig h t  vehic les,  
and .1.13 for  trucks to give fuel consumption estimates' fo r  normal 
operating condit ions on rural roads in developing countries.
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11. SUMMARY AND CONCLUSIONS
11.1 In t ro d u c t io n
The need for  an accurate economic evaluation of various a l te rn a ­
t ives in assessing whether or not expenditure on roads, w i l l  produce 
real economic and social  benef its in the areas they serve has been 
discussed in the thesis.  The main object ive  of  this research was to 
provide re lationships fo r  estimating vehicle speeds and fuel consump­
t ion ,  fo r  inclusion in a decision-making framework incorporating the 
various components of transport costs, which can be un iversa lly  
applied to cover a f u l l  range of road character is t ics  on low-volume 
rural roads in developing countries. To this end, the thesis  
describes the author's own work, p r in c ip a l ly  in St. Lucia,  in 
deriving a set of re lationships for estimating these two operating  
cost components. The thesis also examines the results of the Kenya 
and India VOC studies and makes use of  the Kenya speed estimating  
relationships to provide r e a l i s t i c  speed estimates fo r  other physical  
and environmental conditions.
Theoretical and empirical approaches to estimating vehic le  speeds 
and fuel consumption have been reviewed in Chapter 2. A theoret ica l  
approach has been shown to be inappropriate fo r  use in road appraisal  
studies; a large amount of detai led information on individual  
vehicles is required, which is not eas i ly  obtainable,  nor feas ib le  
to apply to a l l  the vehicles in the area under invest igat ion .  The 
results from previous empirical studies have been shown to be l im i ted  
in the i r  scope, accuracy and a p p l i c a b i l i t y  to rural roads in 
developing countries. Consequently the research in th is  thesis has 
concentrated on the empirical approach in establ ishing improved 
relationships for  estimating vehicle speeds and fuel consumption.
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Comments and conclusions on the various aspects of  the research 
in th is thesis have been given in the relevant chapters and are 
summarised below. They are divided into three separate sections:  
the instrumentation used in the St. Lucia study, the vehic le  speed 
relat ionships and the fue! consumption re lationships.  -This is followed 
by the f ina l  conclusions from this research.
11.2 i nstrumentation
Accurate measurements of  the various road character is t ics  are 
needed so that  accurate relationships can be derived fo r  estimating  
the various components of vehicle  operating costs. Instruments, such 
as a rod ar.d level to measure gradient and a tape measure to record 
the distance, were used in the St. Lucia vehicle  performance study 
where a r e l a t i v e l y  smal1 ki lometrage of road had to be surveyed (A5 km). 
Although these devices are very accurate,  they are laborious to use 
and are not appropriate when a large ki lometrage of  road has to be 
surveyed, as was the case in the Caribbean user cost survey (approx 
600 km). Consequently, instruments developed at  TRRL fo r  the dynamic 
measurement of gradient,  curvature and distance were tested in St. Lucia 
and used to survey the road network of the islands of  Barbados,
St.  Lucia, St. Vincent and Dominica (see Chapter 3).
The Gradometer recorded gradients in units of  one per cent 
(10 m/km) up to a steepness of 18 per cent,  segregating uph i l l  gradients  
from downhill gradients. The Gyrocompass recorded the curvature of  a 
road to a resolution of ± 1 degree. A distance pulse generator,  f i t t e d  
to the gearbox of an instrumented car,  recorded the distance along a 
road in units of 0.1 metres and 20 metres, the l a t t e r  being used as a 
pulse to act ivate  the Gradometer. These instruments, mounted in a 
vehic le ,  were found to produce consistent readings that were accurate
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to ± 5  per cent by regu lar ly  checking them over the test  s i tes  used in 
the St. Lucia study.
Research into vehicle operating costs in developing countries  
has iden t i f ie d  road roughness as one of  the major elements influencing  
operating costs. A review of road roughness measuring instruments 
showed that there are various devices used throughout the world,  with  
the condition of the road surface expressed in a var ie ty  of terms 
(see Chapter b ) . The need fo r  ca l ib ra t ing  the various measuring 
instruments and defining a unique measure of roughness has been d is ­
cussed in this thesis ,  together with the e f fo r ts  being made to establ ish  
a method of  conducting th is  c a l ib ra t io n .  The author is current ly  
involved in a research project  at  TRRL, test ing and developing a rough­
ness ca l ib ra t ion  beam. Findings from f i e l d  experiments have resulted  
in some s ig n i f ican t  progress being achieved in establishing the 
c a l ib ra t ion  beam as the universa lly  acceptable tool for  ca l ib ra t in g  
any roughness measuring device.
In the St.  Lucia study, an integrator  un i t  mounted over the rear  
axle of a car was used to conduct the roughness measurements o f  the 
test  s i tes  at  two-monthly in terva ls .  This device was ca l ib ra ted  
against a standard roughness measuring instrument, the towed f i f t h  
wheel bump integrator  (B I ) ,  a f t e r  each round of  measurements. Bump 
integrators , b u i l t  to r ig id  specif icat ions,  have been tested in 
various parts of the world and shown to give consistent readings. They 
have also been used in the Kenya and India VOC studies, enabling a 
d irec t  comparison of the surface condition of  the roads from these two 
studies to be made with those from the Caribbean study.
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Using the instruments described in this section, the St. Lucia 
vehic le  performance study extended the range of  road charac te r is t ics  
that  had previously been used in VOC studies in developing countr ies.  
Test s i tes  selected for  the experiments had gradients ranging from 
f l a t  to 14 per cent,  curvatures from s tra igh t  to over 1600 degrees/km 
and road roughness levels from less than 1500 mm/km to almost 15,000 
mm/km (expressed in terms of the B l ) .
The fuel meters f i t t e d  onto the test  vehicles used in St. Lucia 
were posit ive  displacement type meters (see Chapter 6 ) .  This type of  
fuel meter, also used in the India study, enabled continuous measure­
ments to be made over long distances and was an improvement on the 
reservoir  type used in the Kenya study. With the reservoir type of  
fuel meter, frequent stops of  the instrumented vehicles are needed, 
with the quant ity of fuel consumed having to be read v is u a l ly  from 
markings on a cy l indr ica l  reservoir .  The pos it ive  displacement type 
fuel meter gave accurate and repeatable readings. The petrol meter,  
f i t t e d  onto the car and t ra n s i t  van, was capable of  measuring the 
fuel consumption to an accuracy of  0.5 cc; the diesel meter,  f i t t e d  
onto the truck, measured the fuel consumption to an accuracy of  1 cc.
11.3 Vehicle speeds
In Chapter 7, several s t a t i s t i c a l l y  s ig n i f ic a n t  re lat ionships  
were derived for  estimating vehicle  speeds on paved roads in St.  Lucia,  
indicat ing the e f fe c t  of  the various road character is t ics  on the speeds 
of cars, l ig h t  vehicles and trucks. For the truck class,  the e f f e c t  of  
the vehicle character is t ics  on speed were also examined.
In the analysis of a l l  three vehicle  classes, the curvature of the 
road was shown to have the largest  e f fe c t  on speeds, with road roughness
m
and road width also exh ib i t ing  strong influences. Gradient had a 
smaller e f fe c t  on speeds except in the case of  trucks, where pos it ive  
gradients had a substantial  e f fe c t .  The high correlat ions between 
the variables curvature, roughness and width prohibited the inclusion  
of a l l  three variables in the same re la t ionship ,  with curvature and 
width suppressing the influence o f  roughness.
A logarithmic function of speed was used in the analys is ,  which 
resulted in marginally bet ter  equations being derived than when a 
l inear  function of speed was used. As the di fferences in the estimates 
from the two types of functions were small and there is no indicat ion  
in previous theoret ical or empirical work to suggest that  speeds are  
influenced in a logarithmic manner, the l inear  re lationships were con­
sidered to be adequate predictors of  vehicle  speeds.
A comparison of the St. Lucia and Kenya re la tionships showed 
large differences in speeds between the two environments for  a l 1 classes 
of vehic le ,  with speeds in St.  Lucia being much lower than speeds 
in Kenya (see Chapter 9 ) .  These differences were examined in d e ta i l  
and a t t r ibu ted  to the d i f f e r e n t  environments in which the two studies  
were located. A series of speed/environment re la tionships was 
suggested, distinguished by veh ic le /d r iv e r  character is t ics  and defined 
by the average ' free-speed1 in each p a r t ic u la r  environment, with the 
e f fe c t  of road geometry varying between environments. The ' free-speed'  
of vehicles has been defined as the speed at  which vehicles travel  
unimpeded on f l a t ,  s t ra ig h t ,  rural  roads.
A method was evolved that made use of the veh ic le  speed est imating  
relationships from the two studies, for  estimating vehicle  speeds in 
other environments. A l inear  in terpola t ion  technique was applied to
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the two sets of  relat ionships and a single speed estimating r e la t io n ­
ship was derived for  each class of  vehicle  which incorporated the 
' f ree-speed1 of the vehicle  class in the environment under investiga­
t ion.
The relationships established in the India VOC study could not 
be used in the in terpola t ion technique, as they were derived for  a 
combination of paved and unpaved roads, using a d i f f e r e n t  vehicle  
c la s s i f ic a t io n  and a d i f f e r e n t  set of  s ig n i f ic a n t  independent v a r i ­
ables. These relat ionships predicted lower speeds than e i th e r  the 
Kenya or St.  Lucia re lat ionships ,  which tended to indicate that  they 
were more applicable to environments where there is a mixture of  
both slow and fast  moving t r a f f i c ,  as encountered in India and other  
countries in South-East Asia.
The modified re lationships,  established from the amalgamation of  
the results from the Kenya and St. Lucia studies,  have been incorpor­
ated into the TRRL Road Investment Model (RTIM2), which is a computer 
model designed to aid investment decisions w ith in  the roads sector in 
developing countries. A set of re lationships for est imating veh ic le  
speeds on unpaved roads has also been incorporated into RTIM2, by 
combining the results from paved roads in Kenya and St. Lucia,  and 
the results from unpaved roads in Kenya (see Chapter 10).
11.^ Vehicle fuel consumption
In Chapter 8, an investigation was conducted into the e f f e c t  o f  
various road character is t ics  and vehicle  speed on the fuel consumption 
of three classes of vehicle  used in the St. Lucia experiments: a car,
a t ra n s i t  van and a two-axled, 10-tonne truck. The e f fe c t  of  
d i f fe r e n t  load conditions on the fuel consumption of  the t r a n s i t  van 
and truck was also examined.
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In the analysis of  a l l  three vehicles,  gradient was shown to 
have the largest e f fe c t  on fuel consumption, p a r t ic u la r ly  posit ive  
gradients.  On downhill gradients,  i t  was shown that a more appro­
p r ia te  re lationship  to use to describe the fuel consumption was a 
quadratic function of  the 'var iab le  f a l 1( F ) . A l inear  function of  the 
var iab le  F tended to predic t  very low or negative estimates of  fuel  
consumption on steep downhill gradients,  whereas a quadratic function  
res t r ic ted  this tendency, giving more r e a l i s t i c  estimates of  fuel  
consumption fo r  these conditions.
The re lationship  between fuel consumption and speed was shown to 
be 'U-shaped1. In previous studies, the inverse plus the squared 
terms o f  the speed var iab le  (Vv and V ) had been used to describe  
th is  curve and were shown to be an adequate descr iptor  of  the v a r ia ­
t ion  in the fuel consumption, caused by changes in speed, of  the three  
test  vehicles used in the St.  Lucia study.
The t ra n s i t  van and the truck were operated in two and three load 
conditions respect ively.  Accurate fuel consumption est imating  
relat ionships were derived fo r  each load condition of  these two 
vehicles and compared with relationships derived from the combined 
data from a l l  the load conditions of that vehicle .  The use of  the 
cross-product of the variables gross vehic le  weight (GVW) and pos i t ive  
gradient (RS) was shown to be an accurate descr iptor of  the v a r ia t io n  
in fuel consumption of a vehicle  in d i f f e r e n t  load conditions on 
posit ive  gradients.  On negative gradients,  l i t t l e  v a r ia t io n  in fuel  
consumption between the d i f f e r e n t  load conditions was observed.
A comparison of the St. Lucia re lationships with those establ ished  
in the Kenya and India VOC studies showed that the St. Lucia study
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provided improved fuel estimating relat ionships (see Chapter 9 ) .
The experiments in Kenya were conducted on test  s ites where the 
average gradient was less than 1.5 per cent and only one s i t e  had a 
gradient steeper than 6.5  per cent. The experiments in India were 
conducted on si tes that had gradients only up to 5 per-cent.  By only 
covering a r e la t i v e ly  narrow range of gradients,  the re lationships are not 
adequate in estimating vehic le  fuel consumption over a large spectrum 
of gradients. TheSt.  Lucia relationships were derived from experiments 
conducted on s i tes  having gradients up to 14 per cent,  with the 
average gradient of  a l l  the s i tes being 6.9 per cent and are thus 
applicable to the majority  of condit ions encountered in developing 
countries.
The St. Lucia relationships were shown to be more accurate  
predictors of fuel consumption than the relationships established in 
e i th e r  the Kenya or India studies. Both the Kenya and India r e la t io n ­
ships used a l inear  function of the var iab le  F which tended to predict  
low or negative estimates of fuel consumption on steep downhill  
gradients.  These relationships also used the variables RS and power 
to weight ra t io  (PW) to predict fuel consumption on uph i l l  gradients.  
These two variables were shown to underestimate the fuel consumption 
of trucks on steep uphil l  gradients,  whereas the var iab le  (GVWxRS) used 
in the St. Lucia relationships great ly  improved the accuracy of  the 
fuel consumption estimates.
As the St. Lucia experiments were conducted under control led  
speeds, the relationships estimate the fuel consumption of vehicles  
t ra v e l l in g  at  constant speeds. These estimates were increased by 8 
per cent for  cars and 1igh t 'veh ic les ,  and 13 per cent for  t rucks,  as 
a result  of  a study on the e f fe c t  of speed changes on fuel consumption
412
conducted in Kenya, to give fuel consumption rates for  normal operating  
conditions on rural roads in developing countries.
The factors of 1.08 for  cars and l ig h t  vehicles,  and 1.13 for  
trucks, were included in the f in a l  relat ionships incorporated into  
RTIM2 (see Chapter 10). The Kenya study had shown that there was 
l i t t l e  d i fference between fuel consumption estimates on paved roads 
and unpaved roads. Consequently the St. Lucia re la tionships estab­
lished on paved roads were used in RTIM2 as fuel estimating equations 
for  unpaved roads, in preference to the Kenya re lationships fo r  un­
paved roads.
11.5 F? nal conclus ions
The results of the research conducted by the author in St. Lucia 
have enabled relationships to be derived that can be used fo r  estima­
ting vehicle speed and fuel consumption on paved and unpaved rural  
roads over a wide range of  operating condit ions and environments in 
developing countries.
In a weighted regression analysis,  the mean speeds o f  cars and 
l ig h t  vehicles observed on each of the 56 test  s i tes were used to 
derive speed estimating relationships for  these two classes of  
vehicle.  In these re lationships ,  the independent var iables r is e ,  f a l l ,  
curvature and road width were shown to be s ig n i f ic a n t  a t  the 0.1 per 
cent leve l ,  accounting for  96 per cent of the va r ia t io n  in car speeds 
and 95 per cent of the var ia t ion  in l ig h t  vehicle  speeds.
The weighted regression technique used in the analysis of  car and 
l ig h t  vehicle speeds produced a more s ig n i f ic a n t  set of est imating  
relationships than the analysis carr ied out without using weighting  
factors.  At the same time, the analysis did not substantial  ly a l t e r
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the magnitude of the e f fe c t  of  the s ig n i f ic a n t  var iables.
In an ordinary regression analysis,  the ^812 individual  truck  
speeds recorded on the 56 test  s i tes  were used to derive speed estima­
t ing re lationships for th is class of vehicle .  In the most s ig n i f ic a n t  
re la t ionship ,  the independent variables r ise ,  f a l l ,  curvature,  road 
width and power to weight r a t io  were shown to be s ig n i f ic a n t  a t  the
0.1 per cent leve l ,  accounting for  52 per cent of  the v a r ia t io n  in 
truck speeds.
A methodology has been developed for  amalgamation o f  the St.  Lucia 
and Kenya speed estimating re lationships.  The result ing modified 
relat ionships can now be applied to paved roads in other environments 
in developing countries, by making use of  the observed ' f ree -sp e ed 1 of  
each class of vehicle  in the environment under consideration.
In the analysis of the fuel consumption experiments on the car,
2 2the independent variables RS, F, F , V v  and V were shown to be 
s ig n i f ic a n t  at  the 0.1 per cent leve l ,  accounting for 95 per cent of  
the var ia t ion  in the fuel consumption of the car.
In the analysis of the fuel consumption experiments on the t r a n s i t
2 1 2van and truck, the independent variables (GVWxRS), F, F , N  and V 
were shown to be s ig n i f ican t  at  the 0.1 per cent leve l ,  accounting fo r  
96 per cent of  the var ia t ion  in the fuel consumption of  each of these 
two vehicles fo r  a l l  load condit ions.
The f in a l  relationships for  estimating vehic le  speeds and fuel  
consumption on paved and unpaved rural roads in developing countries  
have been included in the TRRL Road Investment Model (RTIM2) and are
12. RECOMMENDATIONS FOR FUTURE WORK
12.1 Introduction
The research in th is  thesis has enabled a new set of re lationships  
to be established for  estimating vehicle  speed and fuel consumption. 
These relationships cover a much wider range of  road conditions than 
had previously been achieved and are more accurate and appropriate to 
other environments in developing countries. In the course o f  th is  
research the author has id e n t i f ie d  several areas where fu ture  work 
could fur ther  improve these re lationships.  Recommendations on how, 
and in what areas, these investigations could be conducted are d is ­
cussed below.
12.2 Relationships for  estimating vehicle speeds
A method has been evolved for  providing rea l is t ic ,  veh ic le  speed 
estimates on paved roads for a wide range of  physical and environmentai 
conditions in developing countries by l in e a r ly  in terpola t ing  between 
the relationships derived in Kenya and St. Lucia. I t  was not possible 
to check the v a l i d i t y  of th is 1 inear in terpola t ion  procedure, as no 
other work had been analysed in a s im i la r  manner and no other  data 
were ava i lab le  to the author for  analysis.  The modified re lat ionships  
for  estimating vehicle speeds on unpaved roads were derived by 
applying the ratios of the Kenya and St. Lucia re lationships fo r  paved 
roads to the Kenya relationships for  unpaved roads.
A comprehensive study of vehicle speeds needs to be conducted on 
unpaved rural roads in an environment s im i la r  to St.  Lucia,  so that  
in terpola t ion formulae can be established d i r e c t ly  for  a l l  the 
variables found to be s ig n i f ican t  in the Kenya study.
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Future vehicle  speed studies need.to be conducted on both paved 
and unpaved roads in d i f f e r e n t  environments from those o f  Kenya and 
St. Lucia, so that  the l inear  interpola t ion  technique can be v e r i f i e d  
and, i f  necessary, modified. These studies should include a wide 
range of  road roughness condit ions, enabling an in te rpo la t ion  formula 
to be determined for  the roughness var iab le .  This was not possible  
using the Kenya relationships for  paved roads because the small range 
of roughness encountered on these roads prohibited the inclusion of  
this var iable  in the speed estimating equations.
In the invest igat ion of the e f fe c t  of road width on vehic le  
speeds, i t  was shown that speeds were great ly  reduced on roads that  
were less than 5 metres wide, whi1st roads that  were wider than 5 
metres had l i t t l e  e f fe c t  on speeds. I t  was not possible to establ ish  
speed reduction factors for  these narrov; roads from the St. Lucia 
data, as there were only 14 test  s i tes in th is  category with a range 
of only 0. /'  metres (4.3 metres to 5.0 metres).
A study of vehicle speeds on a wider range of ‘ narrow1 (<5.0 metres) 
roads than was possible in St.  Lucia, could determine whether the speed 
reduction factors used in RTIM2 need modifying. The same reduction  
factors have been included in RTIM2 for unpaved roads as for  paved 
roads. A s imilar  study on a wide range of 'narrow' unpaved roads would 
be necessary to v e r i fy  this point.
An examination of several data sets from d i f f e r e n t  environments 
may reveal that the in terpola t ion method described in Chapter 9> using 
the ' free-speed'  of vehicles as a descriptor  of the environment, is not 
the most appropriate way of describing the condit ions a f fe c t in g  vehic le  
speeds in the environment under invest igat ion.  The f l a t ,  r o l l in g
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te r ra in  of  Kenya enabled dr ivers to travel quickly over the predom­
inant ly  long, s t ra igh t  sections of  rural  road, usually covering a 
large distance in a single journey. The mountainous t e r ra in  of  
St. Lucia, combined with the short journey lengths, tended to produce 
slow speeds even on the short f l a t  sections of road.
I t  may be that a be t te r  descr iptor than the ' f ree -speed1 o f  an 
environment would be the average length of  t r ip s  or the average length 
of the s t ra ig h t  sections of road or the percentage of ' f l a t '  (< 1 per 
cent) roads in the area. These types of variables should be in v e s t i ­
gated by future  studies as a l te rn a t iv e  descriptors of  the conditions  
a f fec t ing  speeds in an environment.
An examination o f  the India relationships for est imating vehic le  
speeds suggested that slow moving t r a f f i c ,  such as cycle rickshaws 
and bullock carts ,  constantly impeded other t r a f f i c  which resulted in 
unusually low speeds being recorded. Investigations should be carr ied  
out in other countries where there is a s im i lar  mixture of slow and 
fas t  moving t r a f f i c  to examine whether the India re la tionships are 
par t ic u la r  to the conditions encountered in India or i f  they apply to 
other environments.
12.3 Relationships for estimating fuel consumption
The comparison of the fuel consumption re la t ionships ,  in 
Chapter 9> showed that the St. Lucia relat ionships were more accurate  
than those derived in Kenya and applicable to a fa r  wider range of  
road conditions on paved roads. As the Kenya re la tionships had 
indicated that there was l i t t l e  d i f ference between paved and unpaved 
roads, the St. Lucia relationships were included in RTIM2 as the fuel  
estimating equations for both types of road.
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Fuel consumption experiments need to be conducted on unpaved 
roads, covering a wider range of road conditions than was possible  
in Kenya, to establish  a more appropriate set of  re lationships for  
unpaved roads.
I t  was possible to use'only one 2-axled,  10-tonne truck to represent  
the truck class of vehicle  in the St. Lucia fuel consumption experiments 
because of  the f inancial  and time constraints of  the study. Experiments 
in which larger vehicles are used, such as a r t icu la ted  trucks and 
t r a c t o r - t r a i  le r  combinations, would enable a fuel consumption re la t ionsh ip  
to be derived that  was applicable to a wider rang? of truck sizes.
12.4 F? na I comments
The research described in this thesis has improved and expanded 
the relationships used for  estimating vehicle speed and fuel consumption 
in the TRRi Road Investment Model (RTIM2). This model is designed to 
aid investmentdecisions with in  the roads sector in developing countries.
Several areas where future work could fur ther  improve these 
relationships have been iden t i f ied  in this chapter,  the most important 
being, in the author ’ s opinion, work on unpaved roads. Establishing  
more appropriate relationships for  unpaved roads would increase the 
accuracy of computer models, such as RTIM2, in road appraisal studies.  
This is of p a r t ic u la r  value in the s i tua t ion  where decisions need to 
be made on whether or not an unpaved road should be ungraded to a 
paved road.
I t  is hoped that future work on this subject makes use of  the 
comments, resul ts and recommendations given in this thesis ,  thus enabl i ng 
universa lly  acceptable relationships to be established for  a l l  types 
of road in developing countries.
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APPENDIX I
Road geometry of the 82 test  sections used
in the fuel consumption experiments
Rou te G R A D I  E N T C U R V A T U R E
and Test Total Total
Di rection Section Di stance Ri se Fail Posi t ive Negative Per cent Total No. Degrees/km
of trave l No. (metres) (metres) (metres) (m/km) (m/km) of degrees
Morne 1 162.5 21.58*4 - 132.8 - 13-3 37 .*1 230
2 307.*» 28.109 - 91.*1 - 9.1 6*4.9 211
/  to \ 3 i k o . k 22.812 - 9*1.9 - 9.5 2*48.6 103*4
(Castr ies  J if 259.9 20.528 - 79.0 - 7.9 18*4.0 708A / 5 130.0 18.210 - 1*40.1 - 1*4.0 60.1 *462
6 282.8 2*4.6*49 - 87.2 - 8 .7 162.6 575
7 17*1.1 19.389 - 111.*4 11.1 60.9 350
8 157.7 13.7*i8 - 87.2 — 8 .7 8*4.1 533
9 261.1 20.910 - 80.1 “ 8.0 55.6 213
East Coast 10 10*4.8 7.095 67.7 - 6 .8 15 .*i 1*i7
Road (Si) 11 A39.8 *4*4.325 - 100.8 - 10.1 106.0 2*41
/  V 12 316.3 37.291 - 117.9 - 11.8 185.*4 586
/  from \ 13 89.1 8.591 - 96. k - 9.6 150.1 1685
(C a s t r ie s I 1*t 28*4.1 35.775 - 125.9 - 12.6 28*4.7 1002
\  / 15 6 9 . *f 6.1*49 - 88.6 - 8 .9 *41.6 600
16 3 0 2 . k 36.293 - 120.0 - 12.0 1*40.0 k63
17 110. ** 9.108 - ’ 82.5 - 8 .3 162.1 1*468
18 398.*4 *45.101 - 113.2 - 11.3 283.7 712
19 2*47.2 - 22.786 - 9 2 .2 9.2 106.5 *i31
20 151.2 - 10.103 - 66.8 6 .7 76.8 508
21 206.2 - 20.535 - 99.6 10.0 100.8 *489
22 222.6 - 1*1.679 - 65.9 6 .6 81.0 36*4
23 221.9 23.29*i - 105.0 10.5 61.0 275
2*4 390.6 - 10.*458 - 26.8 2 .7 177.3 *45*1
25 239.0 - 19.62*4 - 82.1 8 .2 182.1 762
26 260.8 - 2*4.169 - 92.7 9 .3 1*4.1 5*i
27 210.*4 - 21.900 - 10*4.1 1 0 .  *4 181.8 86*4
28 3*i9.0 - 19.7*19 - 5 6 .6 5 .7 167.2 *179
29 971.0 - 63.550 ■ - 65.*4 6.5 5*17.6 56*4
30 308.7 - 11.003 - 35.6 3.6 88.9 288
31 20*4. k - 0.799 - 3.9 <1.0 0 0
32 330.3 - 0.255 - 0.8 <1.0 21.5 65
33 20*4.6 2.155 - 10.5 - 1.1 69.0 337
3** 29*t.7 18,031 - 61.2 - 6.1 8*4.3 286
35 {
175.1
176.7
0.065
0.1*42
0 .  *4
0.8 <1.0 0
0 }
East Coast 36 653.3 - *45.580 - 69.8 7 .0 86.2 132
Road (S2) 37 3*i3.*i 28.26*4 - 82.3 - 8 .2 113.3 330
/  V 38 197.*i *4.5*i O - 23 .0 - 2 .3 55.5 281
/  from \ 39 1*i3.5 - 13.851 - 96.5 9 .7 *4.6 32
(Castr ies I *40 3*i*t. 7 - 25.718 - 7*1.6 7.5 130.3 378
\  / *41 *476.0 - 19.613 - *41.2 *4.1 102.8 216
k i  { 190.8 0.388 - 2.0 - <1.0 15.8 32 }303.9 - 0.763 2.5
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APPENDIX I (contd)
Route 
and 
Di rection  
of travel
Test
Section
No.
Di stance 
(metres)
Total 
Ri se 
(metres)
Total
Fall
(metres)
G R A D 1 E N T C U R V A T U R E
Posi t ive  
(m/km)
Negative
(m/km)
Per cent Total No. 
of degrees Degrees/km
East Coast 
Road (S2)
I  from \
I Castries J
**3
*4*4
*»5
*»7
*18 |
**9
50
» ■ {
52
53 i
Sk {
55
56
57
58
59
60
25 8 .0  
1092. *4 
216 .2
226.5  
1031.7
12*1.6
303.0  
**77-3
553.1
139.6
200.5
292.3  
218 .0
378.6 
169.8
150.7 
23**.**
137.7
200.3
*t05 .8
51 0 .0
11.5****
115.013
0.283
33.117
0 .6 00
27.711
3.208
1.208
17-359
7.806
21.763
15.505
17.039
65.805
0 .728
35.9**8
0.22*4
1.000
1 ** - 707 
12.332
20.06*4
*4*4.7
105.3
2.3
69.**
**.3
9**.8 
1 **. 7 
3.?
115.2
33.3
53.6
71.7
75.2
63.9
2 .*4
6 5 .0
1.1
5.9
106.8
6 1 .6
39-3
*♦.5
10.5
7 .2
7 .5  
6 .*4
<1.0
6 .9
6 .5
<1.0
9 .5
1.5
<1.0
11.5
3.3  
10.7
6.2
5.**
3.9
70.7
189.0
3 .7  
221.5
2*40.*4
75.3
25.3  
**5.9
76.2
*49.**
11.3
3**.5
65 .9
0
2 .8  
10.2
135.1
85.2
27**
173
17
978
233
176 }
53
83 1 22*4 J-
169
52
63 }
**37
0
20
51
333
167
Old Bi tumen 61 191.6 12.17** - 63.5 - 6 .*4 28.*4 1*48
Koad 62 179.2 18.131 - 101.2 - 10.1 38 .9 217
63 257.2 33.367 - • 129w - 13.0 1*40.2 5**5
I  from \ 6*t 13**. 1 - 9.560 - 71.3 7.1 52 .0 388
(Castr ies  / 65 103.6 - 10.718 - 103.5 10 .*4 *40.9 395
\  / 66 239.3 - 26.689 - 111.5 11.2 116.1 *485
67 1*t*t.9 19.592 - 135.2 - 13.5 81.9 565
68 *4*40.8 29.**11 - 66.7 - 6 .7 61.3 139
Laborie Rd 69 738.0 0 . *4 1 8 - 1.6 - <1.0 *49.** 67
/  \ 70 335.3 1.650 - 5.1 - <1.0 0 0
f  from V 71 32*4.6 - 0.938 - 2 .9 <1.0 102.9 317
Iv ie ux  Fort I 72 253-5 - 0.312 - 1.2 <1.0 0 0
West Coast 73 106. *4 8.582 - 80.7 - 8.1 7.** 70
Road 7** 223.2 23.337 - 10*4.6 - 10.5 255.0 11*42
75 388.8 3**.152 - 87.8 - 8 .8 296.0 761
I  from \ 76 2*48.*4 28.211 - 113.6 - 11 .*4 285.0 11*47
( Castries / 77 1007.** - 87.078 - 86 .*4 8.6 1036.0 1028
\  / 78 762.9 - 2*4.969 - 32.7 3 .3 8 3 8 .*4 1099
79 3^3.8 0 0 0 0 <1.0 2 .8 8
80 *476.6 0 0 0 0 <1.0 0 0
81 267.7 17.562 - 65 .6 - 6 .6 132.2 **9**
82 615.1 56.295 - 91.5 - 9 .2 3**5.1 561
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APPENDIX I I
Bump In te g r a to r  roughness measurements o f  the 82 t e s t  sections  
used in the fu e l  consumption experiments
Route and Test Roughness (mm/km) Route and Test
Roughness (mm/km)
d i re c t io n  
o f  t ra v e l
Section
No. October
1977
December
1977
February
1978
d ir e c t io n  
of t ra v e l
Section
No. October
1977
December
1977'
February
1378
Morne 1 3869 4519 4223 Morne 1 2243 2502 2381
2 2646 3026 2946 2 2179 2424 2 356
/  to  \ 3 3987 4344 4188 /  from \ 3 4249 5076 4616
(C a s t r ie s ) 4 3194 • 3500 3636 (Castries) 4 2592 2496 2407
V  / 5 3731 3496 3485 \  / 5 3648 4209 3728
6 3375 3655 3568 6 4229 4515 4459
'
7 4242 5396 5007 7 4928 4768 4825
• 8 4286 4670 5411 8 4030 4085 3914
9 4085 4672 4465 9 2721 2740 2653
East - 10 2670 2441 2747 East 10 2441 2760 2747
Coast 11 2579 2.612 3034 Coast 11 2686 2727 2835
Road (S I) 12 3133 3563 4000 Road (S1) 12 3151 3059 3128
/  V 13 4296 4364 4352 /  V 13 4585 5591 5503
I  from \ 14 2902 2955 3992 /  to  \ 14 3379 3490 3218
( C a s tr ie s ) 15 3291 3308 3753 (Castr ies) 15 3567 - 3913 4321
\  / 16 3079 2945 3627 \  / 16 3094 *3278 3079
' 17 2424 2902 3306 17 3413 3591 3662
18 3181 3245 4000 18 2845 3013 2987
19 2865 2885 2821 19 2834 2952 3300
20 3332 3722 3785 20 4445 4556 4667
21 4115 4484 4595 21 3583 3627 3523
22 3459 3782 3703 22 3782 4352 4232
23 1957 2166 2114 23 2714 3002 3110
24 2552 2522 2571 24 2945 3319 3214
25 3853 4054 3951 25 3672 3598 3885
26 3365 3291 3290 26 3271 2904 3321
27 3000 3029 2962 27, 3866 3430 4122
28 3379 3558 3300 28 3406 3382 3347
29 3009 3268 3236 29 2861 2955 3091
30 3006 3013 2958 30 3164 3174 3239
31 2300 2472 2438 31 2371 2511 2631
32 2256 2198 2240 32 2243 2276 2291
33 3735 3913 3867 33 3829 3540 3828
34 4344 4744 4639 34 4344 4259 4157
35 3033 3133 3101 35 3076 3278 3183
East 36 2394 2485 2451 East 36 2374 2525 2477
Coast 37 3893 4008 3889 Coast 37 3664 3836 3725
Road (S2) 38 3188 3258 3337 Road (S2) 38 2223 2448 2581
39 3496 3594 3785 39 3655 3537 3728
(  from \ 40 2821 2867 2772 /  1:0 \ 40 2736 2821 2864
( C a s t r ie s ) 41 3342 3544 3422 (Castr ies) 41 3426 3561 3722
\  / 42 2035 2101 2101 \  / 42 2136 2256 2183
43 2313 2421 2354 43 2680 2811 2842
44 2976 3009 3040 44 2734 2867 2811
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APPENDIX 11 (Cor.td)
Route and 
di re c t io n  
o f  t ra v e l
Test
Section
No.
Roughness (mm/km) Route and 
di re c t i  on 
o f  t ra v e l
Test
Section
No.
. Roughness (mm/km)
October
1977
December
1977
February
1978
October
1977
December
1977
February
1978
East 45 3000 2898 2946 East 45 3415 3675 3601
Coast 46 2767 3190 3110 Coast 46 3463 3413 3492
Road (S2l 47 3083 3188 3028 Road (S2) 47 3393 555b ' 3545
48 3840 4o 15 3904 48 3980 4212 4198
/  from \ 49 4286 4414 4434 /  to  \ 49 4259 4380 4239
( C a s t r ie s ) 5 0 2542 2592 2643 (Castries) 50 2904 3110 2943
v / 51 2767 2965 2839 \  / 51 2633 2915 2862
52 3234 3291 3224 52 3271 3463 3384
53 3459 3563 3463 53 3459 3718 3498
5b 4212 4259 4219 54 3672 3890 3691
55 4199 4515 4055 55 4273 4488 4371
56 3C94 3033 2858 56 3211 3356 3261
57 2566 2727 2641 57 4397 4072 4245
58 2882 3076 2968 58 2686 2871 2772
59 2922 3033 3044 59 2575 2804 2772
60 2267 2437 2293 60 2760 2801 2864
Old 61 3716 2845 2751 • Old 61 4115 3679 3447
Bitumen 62 3708 3587 3315 Bitumen 62 3600 3211 3005
Road 63 5547 6219 6102 Road 63 5174 5792 5670
6b 4351 4504 ■ 4307 64 4777 5006 5071
/  from ^ 65 5 15b 5798 6130 /  to  \ 65 525b 6206 5903
(C a s tr ie s / 66 3978 4330 4472 Castr ies J 66 4095 5244 5197
\  J 67 4192 4774 5048 \  / 67 3463 2858 2874
68 4074 3862 3955 68 3651 3500 3419
Laborie Rd 69 1809 * 1704 Laborie Rd 69 1389
j. 1329
70 1483 j. 1663 70 2562 2464
f from \ 71 2378 JL 2457 / t o  ^ 71 2686 2410
IVieux Fort) 72 2867 i t 2307 K/ieu> Fort 72 1610 1468
West 73 10924 10215 10849 West 73 11001 11321 11441
Coast 7b 14672 12581 12378 Coast 74 14799 13559 14812
Road 75 10619 10813 10915 Road 75 12003 11915 11826
76 12746 12138 12132 76 11008 12003 12958
I  f  rom \ 77 11882 10863 11596 /  to  \ 77 11636 11139 11893
IC as tr ies) 78 11075 10776 11359 Castr ies  ) 78 10490 10228 10544
\  / 79 7862 8232 7365  ^ I 79 7489 7765 7022
80 6228 7029 7138 80 6511 7170 7535
81 8216 8373 8673 81 7610 7967 8526
82 7413 6972 7019 82 7614 7149 7596
*  Roughness f ig u re s  not a v a i la b le
* 3 3
APPENDIX I I I
Road c h a r a c te r is t ic s  o f  the 56 te s t  s i te s  used in the v e h ic le  speed experiments
Test  
Si te  
No.
Route Di stance  
(metres)
GRAD
Rise
(m/km)
1 ENT 
Fall  
(m/km)
Curvature
(degrees/km)
Width
(metres)
Roughness
(mm/km)
1
2
Laborie
Road 738.0
1.6
1.6 67 6 .5
1704
1329
3
4
Laborie
Road 335.3
5.1
5.1 0 6 .5
1663
2464
5
6
Laborie
Road 324.6
2 .9
2 .9 317 6 .5
2410
2457
7
8
Laborie
Road 253 .5
1.2
1.2 0 6 .5
1468
2307
9
10
West 
Coast Road 1350.0
0
0
0
0 727 4 .7
6653
6114
11
12
West 
Coast Road 476.6
0
0
0
0 0 4 .6
7138
7535
13
14
East Coast 
Road (S2) 218 .0
14.7
14.7 52 7 - 5
3463
3498
15
16
Old Bitumen 
Road 621.6
21.2
21 .2 240 8 .5
3500
3800
17
18
East Coast 
Road (S i) 390.6
26 .8
26 .8 454 7 .5
3214
2571
19
20
West 
Coast Road 762.9
32.7
32 .7 1099 5 .0
10544
11359
21
2.2
East Coast 
Road (S I) 308.7
35.6
35 .6 288 7 . 5
3239
2958
23
24
East Coast 
Road (S2) 510 .0
39.3
39.3 167 7 .5
2864
2293
25
26
East Coast 
Road (S2) 4 7 6 .0
41.2
41.2 216 7 .5
3722
3422
27
28
East Coast 
Road (S2) 405 .8
53.6
53-6 333 7 .5
3044
2772
29
30
East Coast 
Road (S1) 1320.0
63.1
63.1 542 7 .5
3158
3253
31
32
East Coast 
Road (S2) 553.1
6 5 .O
6 5 .O 83 7 .5
2943
2643
33
34
West 
Coast Road 267.7
6 5 .6
65 .6 494 4 .3
8673
8526
35
36
East Coast 
Road (S2) 477.3
69 .4
69 .4 53 7 .5
4434
4239
37
38
West 
Coast Road 1007.4
86.4
86 .4 1028 5 .0
11893
11596
APPENDIX I I I  (contd)
Test  
Si te  
No.
Route Distance
(metres)
GRAD 
R? se 
(m/km)
ENT
. F a ll  
(m/km)
Curvature
(degrees/km)
Width
(metres)
Roughness
(mm/km)
39
40 Morne 500.3
86.6
86.6 865 6 .0
3902
3470
41
42
East Coast 
Road (S1) 1049.1
87.1
87.1 407 7.5
3698
3345
43
44 Morne 307.4
91.4
91 .4 211 6 .0
2946
2356
45
46
West 
Coast Road 615.1
91.5
91.5 561 4.3
7019
7596
47
48
East Coast 
Road (S1) 710.2
92.5
92.5 532 7 .5
3748
3415
49
50
West 
Coast Road 860.4
99.6
99.6 972 4 .3
11650
12928
51
52 Morne 744.6
102.1
102.1 494 6 .0
4280
4302
53
54
East Coast 
Road (S2) 1092.4
105.3
105.3 173 7 .5
3040
2811
55
56
East Coast 
Road (S i) 2009.9
110.8
110.8 674 7 .5
3700
3217
M 5
APPENDIX IV
kegresslon analysis and opt imisation technique
Regression analysis was used by the author to establ ish r e la t io n ­
ships between one dependent var iab le  and one or more independent 
var iab les*  In th is  thesis the dependent var iab le  was e i th e r  vehicle  
speed or fuel consumption and the independent variables were usually  
the road and vehic le  character is t ics .
Equations derived were of  the form:
v  = a + b. x.  + b_ x0 + b- x_ +    .............................  + b x
1 1 1  2 2  3 3  n n
where y = dependent var iable
x. *= independent var iab le
a = regression constant
b. = regression coe f f ic ien ts
The d i f ference between the actual (Y) and the estimated (Y1) 
value of  the dependent var iab le  is cal led the residual and may be 
represented by the expression
Residuals = Y -  Y1 
The regression constant (a) and the regression co e f f ic ien ts  (b .)  
are selected in such a way that the sum of  squared residuals is 
minimised.
i . e .  £(Y -  Y*) = SS = minimumres
Since the sum of squared residuals is minimised, the regression
l in e  is cal led the least-squares l ine  or the l in e  of  best f i t .  In other
words, there is no other l ine  which is 'c loser '  to the points ,  i . e .  for
1 2no other l ine  is E(Y - Y 1) smaller.
2
R value
The tota l  va r ia t ion  or sum of squares in Y can be par t i t ioned  into  
two independent components, one that is explained by the regression and
4 3 6
another that is unexplained.
Z(Y-Y)2 = E (Y ' -Y )2 + Z(Y-y ' ) 2
The proportion of variance of Y explained, i . e .  the goodness of  
f i t  of  the regression equation, can be evaluated by examining the 
square of  the m ult ip le  corre la t ion :
the hypothesis that  the value computed for  each regression c o e f f ic ie n t  
was un l ike ly  to have arisen by chance. To check th is ,  the standard 
error  of each regression co e f f ic ie n t  was computed and tested fo r  
signif icance using the ' t - t e s t ' .  The ' t 1 value is the r a t io  o f  the 
estimate of the regression c o e f f ic ie n t  to the standard e r ro r  o f  that  
co e f f ic ie n t .
I f  the 1t 1 value is approximately 2.0 or greater,  then there is 
at  least a 95 per cent chance that the value computed fo r  the regression 
c o e f f ic ie n t  did not ar ise  by chance.
SS
SS
y
reg
var ia t ion  in Y explained by the combined l inear  
influence of the independent variables ;____
tota l  va r ia t ion  in Y
2The R value may be regarded as a measure of how c losely the
2equation f i t s  the observations. I f  R = 1  then the observations are
a perfect  f i t .
11 1 value
For the estimates (Y ) to be acceptable,  i t  was necessary to tes t
Weighted regression
Standard regression analysis by the method of  least  squares
2assumes that  the error  variance, o , is the same fo r  a l l  values of  Y, 
but several cases ar ise  in pract ice where th is  assumption is not v a l id .  
Thus the amount and the r e l i a b i l i t y  of the information about the value  
of Y for  each X may d i f f e r  substant ia l ly  because of  unequal numbers of  
repeat measurements or samples. This was the case where the mean speeds 
of cars and 1ight vehicles on each test  s i t e  in St.  Lucia were used in 
the analysis of  these two vehicle  classes.
In this s i tu a t io n ,  i t  is s t a t i s t i c a l l y  correct to use weighted 
regression analysis to avoid the possib i ! i t y  o f  exaggerating the implied 
s t a t i s t i c a l  strength of the independent var iab le  c o e f f ic ie n ts .  I f  the 
variances can be determined, as was the case for  the St.  Lucia data,  i t  
is reasonable to weight each Y observation by the inverse of the 
associated variance, and to estimate the regression parameters by 
minimising the weighted sum of squares:
SS = Zw. (Y -a -bX . )2
where w. = Vex. 2i i
Optimisation technique
I t  is not possible to use a least-squares analysis to establ ish  a 
function with several unknown parameters, such as
Y = a + b exp(cX)
where b and c are unknown parameters of  the same funct ion.  The method 
used in this thesis for estimating these parameters was an optimisat ion  
technique.
*♦38
The computer program used was part  or a s t a t i s t i c a l  package with
82the f i t t i n g  process being a modified Newton method (Ross ) .  The 
program requires i n i t i a l  estimates of  the unknown parameters and the 
accuracy to which the f in a l  estimates should be evaluated. Using 
Newton's i t e r a t i v e  processing technique, the program evaluates estimates  
of  each parameter u n t i 1 successive estimates are ident ical to the
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Index to  bu ild ing s  etc.
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11 Holy Trinity Church
12 B.G.R.& Cable and Wireless
13 Survey Department
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16 Ministry of Housing
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18 Court House & Registry Office
19 Roman Catholic Cathedral of 
the Immaculate Conception
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23 Factory
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26 Methodist Church & School
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